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ABSTRACT
Motivated by the recent discovery of rare Enormous Lyman-Alpha Nebulae (ELAN)
around z∼ 2 quasars, we have initiated a long-term observational campaign with the
MUSE/VLT instrument to directly uncover the astrophysics of the gas around quasars.
We present here the first 61 targets of our effort under the acronym QSO MUSEUM
(Quasar SnapshotObservations withMUse: Search for Extended Ultraviolet eMission).
These quasars are characterized by a median redshfit of z = 3.17 (3.03< z< 3.46), ab-
solute i magnitude in the range −29.67 ≤Mi(z = 2) ≤ −27.03, and different levels of
radio-loudness. This sample unveils diverse specimens of Lyα nebulosities extending for
tens of kiloparsecs around these quasars (on average out to a maximum projected dis-
tance of 80 kpc) above a surface brightness SB> 8.8×10−19 erg s−1 cm−2 arcsec−2(2σ).
Irrespective of the radio-loudness of the targets, the bulk of the extended Lyα emission
is within R< 50 kpc, and is characterized by relatively quiescent kinematics, with aver-
age velocity dispersions of 〈σLyα〉< 400 km s−1. Therefore, the motions within all these
Lyα nebulosities have amplitudes consistent with gravitational motions expected in
dark matter halos hosting quasars at these redshifts, possibly reflecting the complexity
in propagating a fast wind on large scales. Our current data suggest a combination of
photoionization and resonant scattering as powering mechanisms of the Lyα emission.
We discover the first z ∼ 3 ELAN, which confirms a very low probability (∼ 1%) of
occurrence of such extreme systems at these cosmic epochs. Finally, we discuss the
redshift evolution currently seen in extended Lyα emission around radio-quiet quasars
from z∼ 3 to z∼ 2, concluding that it is possibly linked to a decrease of cool gas mass
within the quasars’ CGM from z ∼ 3 to z ∼ 2, and thus to the balance of cool vs
hot media. Overall, QSO MUSEUM opens the path to statistical and homogeneous
surveys targeting the gas phases in quasars’ halos along cosmic times.
Key words: quasars: general, quasars: emission lines, galaxies: high-redshift, (galax-
ies):intergalactic medium, cosmology: observations, galaxies:haloes
1 INTRODUCTION
In the current paradigm of structure formation, most of the
baryons at high redshift (z & 1.5; Meiksin 2009 and refer-
ences therein) are distributed in a web of diffuse filamentary
? E-mail: farrigon@eso.org
structures in which galaxies form and evolve. The complex
interplay between this rich reservoir of gas and the galaxies
themselves is still a matter of investigation, e.g. importance
and strength of feedback from active galactic nuclei (AGN),
existence of a cold mode of accretion onto galaxies, astro-
physics of galactic outflows, build up of super-massive black
holes in short timescales, angular momentum evolution (e.g.,
c© 2018 The Authors
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Dekel et al. 2009; Brooks et al. 2009; Di Matteo et al. 2012;
Shen et al. 2013; Dubois et al. 2013; Woods et al. 2014; Feng
et al. 2014; Angle´s-Alca´zar et al. 2014; Nelson et al. 2016;
Stewart et al. 2016; Obreja et al. 2018). Intergalactic and cir-
cumgalactic large-scale structures thus encode fundamental
information to test our current galaxy evolution theories.
So far, whether one focuses on large scales, i.e. on the
intergalactic medium (IGM), or on smaller scales, ie. on the
hundreds of kiloparsecs close to galaxies often referred to
as the circumgalactic medium (CGM), the strongest con-
straints on the physical properties of these diffuse gas phases
are obtained by analyzing absorption features along back-
ground sightlines (e.g., Croft et al. 2002; Bergeron et al.
2002; Hennawi et al. 2006a; Hennawi & Prochaska 2007;
Tumlinson et al. 2011; Farina et al. 2013; Rudie et al. 2013;
Turner et al. 2014; Farina et al. 2014; Prochaska et al.
2013a; Lee et al. 2014). Direct imaging of the same gas
phases greatly complement these absorption studies, allow-
ing a spatial, morphological, physical, and kinematical char-
acterisation, which is simply not possible with sparse one-
dimensional information inherent to the absorption tech-
nique. Yet, predicted to be diffuse, the IGM and CGM
is expected to be hard to detect in emission (SBLyα ∼
10−20 erg s−1 cm−2 arcsec−2; e.g., Lowenthal et al. 1990;
Gould & Weinberg 1996; Bunker et al. 1998; Rauch et al.
2008).
Nevertheless, recently, the deployment of new advanced
integral field spectrographs on 10-m class telescopes, i.e.
the Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al.
2010) on the ESO/VLT and the Keck Cosmic Web Imager
(KCWI; Morrissey et al. 2012), opened up the possibility of
routinely performing such an experiment by targeting very
low levels of surface brightness (SB). Indeed, the latest ob-
servations are able to directly studying in emission at least
the CGM of galaxies with reasonable observational times
(∼tens of hours). In particular, these observations usually
show extended Lyα emission on scales of tens of kiloparsecs
around the targeted z & 1.7 galaxies (Wisotzki et al. 2016;
Leclercq et al. 2017), opening up a new parameter space for
the study of the CGM gas phases, and ultimately of galaxy
evolution.
Even before the advent of the current new instrumen-
tations, it has been shown that such extended Lyα emis-
sion on CGM scales is more easily detected around high-
redshift quasars or active galactic nuclei (AGN). In this
case, the Lyα emission was detected around most of the
objects (50− 70%) on R < 50 kpc (e.g., Hu & Cowie 1987;
Heckman et al. 1991a,b; Møller et al. 2000; Weidinger et al.
2005; Christensen et al. 2006; North et al. 2012; Hennawi
& Prochaska 2013; Arrigoni Battaia et al. 2016), extend-
ing up to R > 100 kpc in few rare bright cases known as
Enormous Lyman-Alpha Nebulae (ELAN; Cantalupo et al.
2014; Hennawi et al. 2015; Cai et al. 2017; Arrigoni Bat-
taia et al. 2018; Cai et al. 2018). The ELAN are indeed
structures characterized by high observed surface bright-
nesses (SBLyα > 10−17 erg s−1 cm−2 arcsec−2) spanning con-
tinuously out to hundreds of kiloparsecs, and thus resulting
in luminosities LLyα > 1044 erg s−1 (Cai et al. 2017). The
comparison between all these pioneering observations how-
ever is hampered by (i) the heterogeneity of the technique
used (longslit spectroscopy, narrow-band imaging, integral-
field spectroscopy), (ii) by the lower and different sensi-
tivities inherent to the previous observational instruments
(SBlimit > few×10−18 erg s−1 cm−2 arcsec−2for some works
and SBlimit & 10−17 erg s−1 cm−2 arcsec−2for others), (iii) by
uncertainties in the redshift of the targeted quasars, and (iv)
by the difficulties in achieving a clean removal of the unre-
solved emission from the quasar, which can easily outshine
the faint large-scale emission (e.g., Møller 2000).
The advent of the aforementioned new sensitive IFU
intruments together with the discoveries of the ELAN have
motivated intense research on quasar halos, and have re-
sulted in frequent new clear detections of the cool CGM
gas. Overall, mainly due to the new sensitivities achieved
(< 10−18 erg s−1 cm−2 arcsec−2), recent studies now rou-
tinely show detections on R ∼ 50 kpc around z & 3 quasars
(e.g., Husband et al. 2015; Borisova et al. 2016; Fumagalli
et al. 2016; Ginolfi et al. 2018), i.e. the redshift range for
which Lyα is visible with MUSE. In very rare cases these
newly discovered Lyα nebulosities at z ∼ 3 match the ob-
served SB and extent of the ELAN previously unveiled at
z∼ 2 (Arrigoni Battaia et al. 2018).
In the presence of a quasar, the detected Lyα emis-
sion on halo scales has been usually explained as (i) re-
combination radiation produced after quasar photoioniza-
tion (a.k.a. fluorescence; e.g.,Weidinger et al. 2004, 2005;
Hennawi & Prochaska 2013; Cantalupo et al. 2014; Arrigoni
Battaia et al. 2015; Borisova et al. 2016), and/or (ii) Lyα
photons resonantly scattered within the gas distribution sur-
rounding the quasar (e.g., Hennawi & Prochaska 2013; Can-
talupo et al. 2014; Borisova et al. 2016), and/or (iii) recom-
bination radiation produced after photoionization by several
sources, e.g. quasar and active companions (e.g., Husband
et al. 2015; Arrigoni Battaia et al. 2018; Husemann et al.
2018). A clear determination of the contribution from the
different mechanisms cannot be easily achieved by using only
the information enclosed in the Lyα emission. Indeed Lyα
photons within the CGM gas are likely affected by reso-
nant scattering (e.g., Dijkstra 2017; Gronke et al. 2017 and
references therein), which could lead to strong modification
of the Lyα spectral shape (e.g., Dijkstra 2017 and refer-
ences therein), and the relative strength of the Lyα line with
respect to other diagnostics (e.g., Neufeld 1990). Notwith-
standing these challenges, observations of the extended Lyα
emission – together with the aforementioned absorption
studies (e.g., Prochaska & Hennawi 2009; Prochaska et al.
2013a, 2014; Lau et al. 2018) – currently paint a scenario
in which quasar’s halos are hosting a large reservoir of cool
(T ∼ 104 K) gas. This gas is possibly tracing a complex set of
astrophysical processes: gas/substructures infalling onto the
central quasar (e.g., Hu et al. 1991; Weidinger et al. 2004;
Arrigoni Battaia et al. 2018); strong turbulences or outflows
(e.g., Ginolfi et al. 2018); interactions between substructures
(e.g., Hu et al. 1991; Husband et al. 2015; Arrigoni Bat-
taia et al. 2018; Husemann et al. 2018); large-scale filaments
(Cantalupo et al. 2014).
Further, in the case of ELANe there are evidences that
the Lyα emitting gas on hundreds of kpc is composed by a
population of cool and dense (volume density nH > 1 cm−3)
clumps (Cantalupo et al. 2014). Indeed, if one assumes an
ELAN to be powered by the radiation from the associ-
ated brightest quasar, the high levels of Lyα emission to-
gether with the current stringent limits on the He ii/Lyα
ratio can be matched by photoionization models only if very
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high densities (nH & 3 cm−3; thus low ionization parame-
ters logU .−2), and low column densities (NH . 1020 cm−2)
are used (Arrigoni Battaia et al. 2015, 2018). The same
framework thus requires the clumps to have compact sizes
R ≡ NH/nH . 20 pc (Arrigoni Battaia et al. 2015; Hennawi
et al. 2015; Arrigoni Battaia et al. 2018). Current simula-
tions are not able to achieve the resolutions needed to resolve
such clumps in the CGM of galaxies, predicting low densities
(nH ∼ 10−2−10−3 cm−3) for such a medium (see discussions
in Cantalupo et al. 2014; Hennawi et al. 2015). This tension
between observations and simulations motivated new re-
search on hydrodinamical instabilities (e.g., Mandelker et al.
2016). In particular, very high resolution idealised hydrodi-
namical (McCourt et al. 2018) and magneto-hydrodinamical
(Ji et al. 2018) simulations have shown that a mist of cool
gas clouds could form and survive in the halo of galaxies,
possibly explaining the high densities required by the ob-
served levels of Lyα emission around quasars.
Also, the effects of the quasar activity (e.g. radiation,
outflows) on the diffuse gas phases and on the production
of Lyα photons is not fully understood, and could lead to
effects on the morphology and physical properties of the
surrounding gas distribution. Extreme examples of what
a powerful AGN can do are the high-redshift radio galax-
ies (HzRGs), whose powerfull radio jet and UV radiation
clearly alter the surrounding gas (e.g., Nesvadba et al. 2017;
Silva et al. 2018). These objects show extended Lyα emis-
sion with active kinematics (FWHM> 1000 km s−1) associ-
ated with the radio emission, but a more extended (100 kpc
scales) quiescent (FWHM< 700 km s−1) gas phase consistent
with gravitational motions (e.g., van Ojik et al. 1997; Villar-
Mart´ın et al. 2002; Humphrey et al. 2007; Villar-Mart´ın et al.
2007), and/or large-scale structures (Vernet et al. 2017).
This quiescent large-scale gas phase is similar to what is
seen around quasars (Husband et al. 2015; Borisova et al.
2016; Arrigoni Battaia et al. 2018). Understanding the ef-
fects of AGN disruption mechanisms is fundamental given
that these are invoked in cosmological simulations to mod-
ify the gas properties around and within massive galaxies
to match observational constraints, e.g. star formation, halo
mass versus stellar mass relation (e.g., Silk & Rees 1998;
Sijacki et al. 2007; Booth & Schaye 2009; Richardson et al.
2016).
In this context, we have started to survey the z ∼ 3
quasar population with the main aim to characterise (i)
the physical properties of the CGM/IGM in emission associ-
ated with such expected massive dark-matter halos (MDM ∼
1012.5 M, White et al. 2012; Trainor & Steidel 2012a), and
(ii) the frequency of detection of ELAN [SBLyα & 10−17erg
s−1 cm−2 arcsec−2 out to 100 kpc]. In this paper we fo-
cus on presenting the observations at the Lyα transition for
the first 61 targeted quasars under the acronym QSO MU-
SEUM (Quasar Snapshot Observations with MUse: Search
for Extended Ultraviolet eMission). This work is part of an
on-going multi-technique and multi-wavelength effort to un-
veil any dependence on the nature of each system (e.g., ge-
ometry, environment, radio activity, luminosity) in the de-
tection and properties of extended gaseous structures.
This work is structured as follows. In Section 2, we de-
scribe our observations and data reduction. In Section 3 we
explain our analysis procedures, and the current uncertain-
ties on the systemic redshifts of the quasars in our sample.
In Section 4, we present the observational results. In par-
ticular, we reveal the discovery of extended Lyα emisssion
around our targeted quasars, and show their diverse mor-
phologies, individual radial profiles, stacked profiles, average
covering factor for the Lyα emission, compact line emitters
associated with the targeted systems, kinematics, and spec-
tral shape of the Lyα emission. In Section 5 we discuss our
results in light of the current statistics for extended Lyα
emission around quasars, and the usually invoked powering
mechanisms. Finally, Section 6 summarises our findings.
Throughout this paper, we adopt the cosmological pa-
rameters H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7. In
this cosmology, 1′′ corresponds to about 7.6 physical kpc at
z= 3.17 (median redshift for our sample). All magnitudes are
in the AB system (Oke 1974), and all distances are proper,
unless otherwise specified.
2 OBSERVATIONS AND DATA REDUCTION
The survey QSO MUSEUM (Quasar Snapshot Observations
with MUse: Search for Extended Ultraviolet eMission) has
been designed to target the population of z ∼ 3 quasars
with the aim of (i) uncovering additional ELANe, similar
to Cantalupo et al. (2014) and Hennawi et al. (2015), (ii)
conducting a statistical census to determine the frequency
of the ELAN phenomenon, (iii) studying the size, luminos-
ity, covering factor of the extended Lyα emission, and any
relationship with quasar properties (e.g., luminosity, radio
activity), (iv) looking for any evolutionary trend by com-
paring this sample with the z ∼ 2 quasar population (e.g.,
Arrigoni Battaia et al. 2016). We have selected the targets
from the last edition (13th) of the catalogue by Ve´ron-Cetty
& Ve´ron (2010), and SDSS-DR12 Quasar catalogue (Paˆris
et al. 2017), starting from the brightest quasars with z< 3.4
not targeted by the MUSE Guaranteed Time Observation
(GTO) team (i.e. Borisova et al. 2016). In addition, to fa-
cilitate detection of the expected low surface brightness fea-
tures, we require our targeted fields (i) to have low extinc-
tion, i.e. AV < 0.2 mag, computed from the maps of Schlegel
et al. (1998)1, and (ii) to be devoid of stars brighter than
13 mag. Also, we gave higher priority for observations to
the less crowded fields. For this purpose, we have visually
inspected the density of sources using the optical catalogues
available at the time of selection, in particular, SDSS-DR12
(Alam et al. 2015), DSS2 (Lasker et al. 1996) and USNO-
A2/B1 (Monet 1998; Monet et al. 2003) catalogs.
To conduct the survey QSO MUSEUM, we have been
awarded so far a total of 111 hours, of which 68% have
been executed. The current resulting sample comprises 61
quasars2 with i-band magnitude in the range 17.4< i< 19.0
(median 18.02), or absolute i-band mangnitude normalized
1 We are aware of new extinction maps obtained by Schlafly &
Finkbeiner (2011). However, here we decided to rely on Schlegel
et al. (1998) as their values are on average 14% higher for our
sample, thus making our selection more conservative.
2 Additional four fields have been observed during our pro-
grammes, i.e. Q 1346+001, Q 0106-4137, Q 0029-3857, Q 0153-
3951, but these sources happen to be stars and not quasars as
listed in the last edition (13th) of the catalogue by Ve´ron-Cetty
& Ve´ron (2010).
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at z = 2 (Ross et al. 2013) in the range −29.67 ≤ Mi(z =
2) ≤ −27.03 (or absolute magnitude at rest-frame 1450 A˚
in the range −28.29 ≤ M1450 ≤ −25.65), and the redshift
spanning 3.03 < z < 3.46 (median 3.17). Our survey thus
expands on the work by Borisova et al. (2016), both in
number of targeted sources (19 vs 61) and by encompass-
ing fainter sources3. In Table 1 we summarize the informa-
tion for our obtained sample. Of the 61 quasars targeted,
15 (or 25%) are detected in radio, and fullfill the most used
radio-loudness criteria R = fν ,5GHz/ fν ,4400 > 10 (Kellermann
et al. 1989)4. Some of these radio-loud objects have been
covered by the Faint Images of the Radio Sky at Twenty-
centimeters (FIRST) survey (Becker et al. 1994) with a res-
olution of 5′′. This resolution is sufficient to start comparing
the location/morphology of extended Lyα emission and ra-
dio emission (see Section 5.3 and Appendix B).
The observations for QSO MUSEUM have been ac-
quired in service-mode under the ESO programmes 094.A-
0585(A), 095.A-0615(A/B), and 096.A-0937(B) with the
Multi Unit Spectroscopic Explorer (MUSE; Bacon et al.
2010) on the VLT 8.2m telescope YEPUN (UT4) during
“dark time”. All the observations consisted of exposures of
900 s each, rotated by 90 degrees with respect to each other.
The survey has been designed to get a total exposure time on
source per object of 45 minutes. However, SDSS J0817+1053
and SDSS J1342+1702 have only two usable exposures. In
addition, we integrated longer on UM 683 (180 min) and
UM 672 (90 minutes) motivated by the extended Lyα emis-
sion already clearly detected in the preliminary reduction
using the v1.0 MUSE pipeline (Weilbacher et al. 2014) at
the time of first data acquisition. For the same reason, the
quasar PKS 1017+109 has been observed for additional 4.5
hours as presented in Arrigoni Battaia et al. (2018).
The observations were carried out in weather conditions
classified by ESO as clear (CL; 45% of the objects), pho-
tometric (PH; 27%), clear with high-wind (CL-WI; 18%),
photometric with high humidity (PH-WI; 5%), photometric
with high-wind (PH-WI; 3%), and thin (TN; 2%). The av-
erage (median) seeing of these observations is 1.07′′ (0.98′′)
(FWHM of a Moffat profile computed from the white-light
image obtained by collapsing the final MUSE datacube for
each target), which is great given the any-seeing nature of
our programmes. In Table 2 we summarize the observation
log for our survey.
We have reduced the data using the MUSE pipeline
recipes v1.4 (Weilbacher et al. 2014). Specifically, we have
performed bias subtraction, flat fielding, twilight and illu-
mination correction, and wavelength calibration using this
software. In addition, the pipeline flux-calibrate each ex-
posure using a spectrophotometric standard star observed
during the same night of each individual observing block.
To improve the flat-fielding and to enable the detection of
very low surface-brightness signals, we have performed a flat-
fielding correction and subtract the sky with the procedures
3 The faintest target in Borisova et al. (2016) has Mi(z = 2) =
−28.23.
4 The fraction of radio-loud objects in our sample is thus larger
than the value for the overall quasar population (∼ 10− 20%;
Kellermann et al. 1989; Ivezic´ et al. 2002). We initially aimed
at building a characteristic sample of the quasar population, but
our project has not been fully completed.
CubeFix and CubeSharp within the cubExtractor pack-
age (Cantalupo in prep., Borisova et al. 2016). We combined
the individual exposures using an average 3σ -clipping algo-
rithm. To improve the removal of self-calibration effects, we
applied a second time CubeFix and CubeSharp. In this way,
we are left with a final science datacube and a variance dat-
acube. The latter has been obtained by taking into account
the propagation of errors for the MUSE pipeline and during
the combination of the different exposures. The variance is
then rescaled by a constant factor to take into account the
correlated noise as done in Borisova et al. (2016). The final
MUSE datacubes result in an average 2σ surface brightness
limit of SBLyα = 8.8×10−19 ergs−1 cm−2 arcsec−2 (in 1 arcsec2
aperture) in a single channel (1.25A˚) at the wavelength of
the Lyα line for the extended emission around each quasar.
The deepest narrow-band (NB) studies in the literature usu-
ally use NB filters with FWHM∼ 30A˚. For comparison, our
datacubes have an average 2σ surface brightness limit of
SBLyα = 4.2× 10−18 ergs−1 cm−2 arcsec−2 (in 1 arcsec2 aper-
ture) in NB images of 30A˚, centered at the Lyα line for the
extended emission around each quasar. In Table 2 we list
these SB limits for each datacube.
3 DETECTING LARGE-SCALE EMISSION
ASSOCIATED WITH A QUASAR
As many works in the literature have illustrated (e.g., Hu &
Cowie 1987; Møller 2000; Heckman et al. 1991a; Bergeron
et al. 1999; Husemann et al. 2013; Hennawi & Prochaska
2013; Arrigoni Battaia et al. 2016), the detection of ex-
tended emission around a quasar inevitably requires that
one removes the unresolved emission from the quasar itself
(continuum and line emission) and the contribution of any
other continuum sources. To perform these operations and to
extract the extended emission from each of the MUSE dat-
acubes, we rely on the same procedures described in Borisova
et al. (2016), which we briefly summarize in the following
section, while leaving the presentation of the results to sec-
tion 4. We use this approach to allow for a one-to-one com-
parison with that work, and to facilitate the creation of a
homogeneous sample.
3.1 Empirical point-spread-function subtraction,
continuum source subtraction, and extraction
of extended emission
The point spread function (PSF) of the quasar has been sub-
tracted with the CubePSFSub method within CubExtrac-
tor (Cantalupo in prep.). The algorithm obtains the PSF
of the quasar as pseudo-NB images of user-defined wave-
length ranges within the MUSE datacube. For each wave-
length range, the empirical PSF is then rescaled to the flux
within 5×5 pixels (1′′×1′′) around the quasar position and
subtracted from a circular region with a radius of about five
times the seeing. Here we use the same wavelength ranges as
in Borisova et al. (2016) to construct the pseudo-NB images,
i.e. 150 spectral pixels (187.5 A˚). This method is unsuitable
for the study of emission within the region used for the PSF
rescaling, as data show complex residuals on these scales
(∼ 10 kpc). In particular, this method assumes the quasar
MNRAS 000, 1–48 (2018)
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Table 1. QSO MUSEUM: the sample.
ID Quasar zasystemic z
b
peakQSOLyα z
c
peakLyα i
d Mi(z = 2)e M1450 Radio Fluxf A
g
V
(mag) (mag) (mag) (mJy) (mag)
1 SDSS J2319-1040 3.166 3.166 3.172 18.17 -28.61 -27.22 <0.396 0.09
2 UM 24 3.133 3.161 3.163 17.08 -29.67 -28.29 <0.396 0.10
3 J 0525-233 3.110 3.114 3.123 17.71 -29.04 -27.64 398.0* 0.10
4 Q-0347-383 3.219 3.227 3.230 17.63 -29.18 -27.80 <0.210* 0.03
5 SDSS J0817+1053 3.320 3.323 3.336 18.08 -28.82 -27.43 <0.381 0.08
6 SDSS J0947+1421 3.029 3.039 3.073 17.04 -29.65 -28.25 <0.423 0.09
7 SDSS J1209+1138 3.117 3.117 3.126 17.63 -29.12 -27.73 <0.432 0.08
8 UM683 3.132 3.125 3.132 18.59 -28.17 -26.78 <0.450* 0.09
9 Q-0956+1217 3.301 3.306 3.316 17.48 -29.40 -28.01 <0.414 0.11
10 SDSS J1025+0452 3.227 3.244 3.243 17.92 -28.89 -27.51 <0.435 0.07
11 Q-N1097.1 3.078 3.101 3.099 18.81 -27.92 -26.52 <0.180* 0.07
12 SDSS J1019+0254 3.376 3.384 3.395 18.26 -28.66 -27.29 <0.432 0.12
13 PKS-1017+109 3.164 3.166 3.167 18.13 -28.65 -27.26 <0.438 0.10
14 SDSS J2100-0641 3.126 3.138 3.136 18.29 -28.46 -27.07 <0.471 0.10
15 SDSS J1550+0537 3.141 3.143 3.147 18.08 -28.68 -27.29 <1.458 0.19
16 SDSS J2348-1041 3.142 3.186 3.190 18.17 -28.58 -27.20 <0.426 0.16
17 SDSS J0001-0956 3.340 3.349 3.348 18.56 -28.35 -26.97 <0.447l 0.10
18 SDSS J1557+1540 3.265 3.276 3.288 18.46 -28.38 -27.00 <0.429 0.13
19 SDSS J1307+1230 3.188 3.213 3.229 17.58 -29.20 -27.83 <0.408 0.12
20 SDSS J1429-0145 3.395 3.419 3.425 17.90 -29.02 -27.66 <0.786 0.08
21 CT-669 3.219 3.219 3.218 18.13 -28.68 -27.30 <0.990* 0.16
22 Q-2139-4434 3.176 3.229 3.229 17.95 -28.82 -27.45 — 0.11
23 Q-2138-4427 3.061 3.143 3.142 18.13 -28.57 -27.18 — 0.06
24 SDSS J1342+1702 3.062 3.055 3.053 18.55 -28.17 -26.76 <0.414 0.06
25 SDSS J1337+0218 3.307 3.342 3.344 18.37 -28.51 -27.13 <0.432 0.05
26 Q-2204-408 3.181 3.178 3.179 17.17 -29.62 -28.23 — 0.07
27 Q-2348-4025 3.318 3.332 3.334 17.98 -28.91 -27.53 — 0.04
28 Q-0042-269 3.344 3.358 3.357 19.10 -27.81 -26.43 <0.060* 0.08
29 Q-0115-30 3.180 3.221 3.221 17.95 -28.83 -27.45 <0.540* 0.04
30 SDSS J1427-0029 3.357 3.359 3.354 18.27 -28.67 -27.27 <0.513 0.05
31 UM670 3.131 3.204 3.203 17.64 -29.10 -27.73 <0.450 0.14
32 Q-0058-292 3.069 3.098 3.101 18.53 -28.19 -26.79 <3.570* 0.12
33 Q-0140-306 3.125 3.133 3.132 18.33 -28.43 -27.03 3.7*m 0.08
34 Q-0057-3948 3.223 3.242 3.251 19.49 -27.32 -25.94 <0.150* 0.05
35 CTS-C22.31 3.247 3.244 3.246 19.50 -27.33 -25.95 — 0.05
36 Q-0052-3901A 3.197 3.190 3.203 19.10 -27.69 -26.31 27.3*n 0.06
37 UM672 3.130 3.128 3.127 18.52 -28.24 -26.85 46.0* 0.04
38 SDSS J0125-1027 3.348 3.351 3.319 18.24 -28.68 -27.29 <0.438 0.04
39 SDSS J0100+2105 3.100 3.096 3.097 18.15 -28.59 -27.19 <2.22* 0.09
40 SDSS J0250-0757 3.342 3.337 3.336 18.19 -28.72 -27.34 <0.471 0.09
41 SDSS J0154-0730 3.321 3.334 3.337 18.66 -28.24 -26.85 <0.399 0.13
42 SDSS J0219-0215 3.042 3.034 3.036 18.29 -28.42 -27.01 <0.492 0.06
43 CTSH22.05 3.087 3.124 3.127 18.66 -28.06 -26.67 — 0.08
44 SDSS J2321+1558 3.197 3.233 3.241 18.29 -28.50 -27.12 <1.770* 0.08
45 FBQS J2334-0908 3.312 3.359 3.361 17.96 -28.93 -27.54 27.65 0.10
46 Q2355+0108 3.385 3.389 3.395 17.61 -29.32 -27.94 <0.423 0.09
47 6dF J0032-0414 3.156 3.154 3.162 18.88 -27.89 -26.50 34.55 0.08
48 UM679 3.197 3.204 3.215 18.77 -28.02 -26.64 <1.020* 0.14
49 PKS0537-286 3.109 3.139 3.141 18.93 -27.81 -26.42 862.2* 0.09
50 SDSS J0819+0823 3.197 3.213 3.205 18.33 -28.46 -27.08 <0.423 0.08
51 SDSS J0814+1950 3.138 3.133 3.137 18.74 -28.02 -26.63 4.45 0.08
52 SDSS J0827+0300 3.144 3.137 3.137 18.09 -28.68 -27.29 7.64 0.12
53 SDSS J0905+0410 3.149 3.152 3.165 19.73 -27.03 -25.65 194.64 0.16
54 S31013+20 3.109 3.108 3.108 19.19 -27.56 -26.16 727.01 0.12
55 SDSS J1032+1206 3.188 3.191 3.195 18.66 -28.13 -26.75 2.29 0.07
56 TEX1033+137 3.089 3.090 3.097 18.09 -28.64 -27.24 102.52o 0.10
57 SDSS J1057-0139 3.406 3.453 3.452 18.40 -28.51 -27.16 21.13 0.11
58 Q1205-30 3.037 3.048 3.047 17.95 -28.75 -27.34 <0.660* 0.14
59 LBQS1244+1129 3.118 3.155 3.157 18.19 -28.55 -27.17 <0.408 0.19
60 SDSS J1243+0720 3.183 3.178 3.178 19.16 -27.63 -26.24 2.29 0.11
61 LBQS1209+1524 3.061 3.059 3.075 18.02 -28.69 -27.29 <0.450 0.07
a Quasar systemic redshift from peak of C iv line, correcting for the expected shift (Shen et al. 2016). The intrinsic uncertainty on this correction is
∼ 415 km s−1 and dominates the error budget (∆z≈ 0.007).
b Redshift corresponding to the peak of the Lyα emission in the observed spectrum of each quasar.
c Redshift of the nebulosities estimated as flux-weighted centroid of the Lyα emission for a circular aperture with a diameter of 3′′, at the peak of the SB
map of each nebula. As we masked the 1′′×1′′ region used to normalised the PSF, the peaks are always at > 1′′ projected distance from the quasar position.
d Extracted from our data using the SDSS filter transmission curve and a circular aperture with a diameter of 3′′. The average uncertainty is ∼ 5%.
e Absolute i-band magnitude normalized at z = 2 following Ross et al. (2013).
f Integrated flux at 1.4 GHz from the FIRST survey for northern sources or peak flux at 1.4 GHz from the NRAO VLA Sky Survey (NVSS; Condon et al.
1998) for the southern sources (indicated by *). The 6 sources with Dec<−40 are currently not covered by any radio survey. For the non-detections in each
survey, and thus currently considered radio-quiet objects, we report the 3× rms in mJy/beam from each catalogue. All the detected sources are radio-loud
following the most used definition by Kellermann et al. 1989, i.e. R = fν ,5GHz/ fν ,4400 > 10.
g Extinction from Schlegel et al. (1998).
l This quasar has a radio source of 50.25 mJy (integrated flux) at ≈ 13.5′′, but likely not physically associated (Appendix B).
m The radio source is at ≈ 8′′ from the quasar.
n The radio source is at ≈ 2.3′′ from the quasar.
o This source has two lobes separated by ≈ 8.5′′ (Appendix B). We report the sum of the integrated flux of the two lobes.
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Table 2. Observation Log
ID Quasar RA Dec Seeinga Weatherb Exp. T.c SB limitdlayer SB limit
e
30NB UT date ESO Prog.
(J2000) (J2000) (arcsec) (min) (10−19 cgs) (10−18 cgs) (dd/mm/yyyy)
1 SDSS J2319-1040 23:19:34.800 -10:40:36.00 1.40 CL-WI 45. 8.2 4.1 14/10/2014 094.A-0585(A)
2 UM 24 00:15:27.400 +06:40:12.00 1.62 CL 45. 8.8 4.2 14/10/2014 094.A-0585(A)
3 J 0525-233 05:25:06.500 -23:38:10.00 0.86 CL 45. 8.5 3.5 17/01/2015 094.A-0585(A)
4 Q-0347-383 03:49:43.700 -38:10:31.00 1.40 CL 45. 7.6 3.7 25/01/2015 094.A-0585(A)
5 SDSS J0817+1053 08:17:52.099 +10:53:29.68 1.47 CL 30. 8.0 3.9 14/02/2015 094.A-0585(A)
6 SDSS J0947+1421 09:47:34.200 +14:21:17.00 1.21 CL 45. 10.4 4.6 14/02/2015 094.A-0585(A)
7 SDSS J1209+1138 12:09:18.000 +11:38:31.00 1.22 CL 45. 8.5 4.2 14/02/2015 094.A-0585(A)
8 UM 683 03:36:26.900 -20:19:39.00 1.05 CL-PH 45. 5.0 2.0 18/02/2015 094.A-0585(A)
PH-WI 135. 14/08-21/09/2015 095.A-0615(A)
9 Q-0956+1217 09:58:52.200 +12:02:45.00 1.12 PH 45. 8.4 4.2 18/02/2015 094.A-0585(A)
10 SDSS J1025+0452 10:25:09.600 +04:52:46.00 1.10 PH 45. 8.5 3.7 18/02/2015 094.A-0585(A)
11 Q-N1097.1 02:46:34.200 -30:04:55.00 1.18 PH-HU 45. 10.6 4.2 19/02/2015 094.A-0585(A)
12 SDSS J1019+0254 10:19:08.255 +02:54:31.94 1.22 PH-HU 45. 7.4 3.9 19/02/2015 094.A-0585(A)
13 PKS-1017+109 10:20:10.000 +10:40:02.00 0.91 PH-HU 45. 8.2 4.2 19/02/2015 094.A-0585(A)
14 SDSS J2100-0641 21:00:25.030 -06:41:45.00 0.85 CL 45. 10.5 4.9 11/06/2015 095.A-0615(B)
15 SDSS J1550+0537 15:50:36.806 +05:37:50.07 1.01 CL-WI 45. 10.2 4.1 17/08/2015 095.A-0615(B)
16 SDSS J2348-1041 23:48:56.488 -10:41:31.17 1.72 CL-WI 45. 8.0 3.9 17/08/2015 095.A-0615(B)
17 SDSS J0001-0956 00:01:44.886 -09:56:30.83 1.81 PH-WI 45. 7.8 3.7 17/08/2015 095.A-0615(B)
18 SDSS J1557+1540 15:57:43.300 +15:40:20.00 0.81 CL 45. 7.4 4.5 22/05/2015 095.A-0615(A)
19 SDSS J1307+1230 13:07:10.200 +12:30:21.00 0.89 CL 45. 8.3 3.8 11/06/2015 095.A-0615(A)
20 SDSS J1429-0145 14:29:03.033 -01:45:19.00 0.79 CL 45. 7.7 3.5 11/06/2015 095.A-0615(A)
21 CT-669 20:34:26.300 -35:37:27.00 0.74 CL 45. 11.9 3.8 11/06/2015 095.A-0615(A)
22 Q-2139-4434 21:42:25.900 -44:20:18.00 1.02 CL 45. 8.9 4.4 11/06/2015 095.A-0615(A)
23 Q-2138-4427 21:41:59.500 -44:13:26.00 0.81 CL 45. 7.7 3.9 17/06/2015 095.A-0615(A)
24 SDSS J1342+1702 13:42:33.200 +17:02:46.00 1.03 CL 30. 10.3 4.4 08/07/2015 095.A-0615(A)
25 SDSS J1337+0218 13:37:57.900 +02:18:21.00 0.75 CL-PH 45. 14.2 3.5 09/07/2015 095.A-0615(A)
26 Q-2204-408 22:07:34.300 -40:36:57.00 0.84 TN 45. 25.3 15.8 13/07/2015 095.A-0615(A)
27 Q-2348-4025 23:51:16.100 -40:08:36.00 0.87 CL 45. 7.2 3.4 16/07/2015 095.A-0615(A)
28 Q-0042-269 00:44:52.300 -26:40:09.00 0.80 CL 45. 6.8 3.4 25/07/2015 095.A-0615(A)
29 Q-0115-30 01:17:34.000 -29:46:29.00 0.91 CL 45. 7.1 3.6 25/07/2015 095.A-0615(A)
30 SDSS J1427-0029 14:27:55.800 -00:29:51.00 0.95 CL 45. 17.1 12.4 28/07/2015 095.A-0615(A)
31 UM 670 01:17:23.300 -08:41:32.00 0.80 CL 45. 7.5 3.6 28/07/2015 095.A-0615(A)
32 Q-0058-292 01:01:04.700 -28:58:03.00 1.42 CL-WI 45. 7.2 3.6 11/08/2015 095.A-0615(A)
33 Q-0140-306 01:42:54.700 -30:23:45.00 1.39 CL-WI 45. 8.3 3.5 11/08/2015 095.A-0615(A)
34 Q-0057-3948 00:59:53.200 -39:31:58.00 1.09 CL-WI 45. 9.2 3.3 11/08/2015 095.A-0615(A)
35 CTS-C22.31 02:04:35.500 -45:59:23.00 1.18 CL-WI 45. 7.2 3.6 11/08/2015 095.A-0615(A)
36 Q-0052-3901A 00:54:45.400 -38:44:15.00 1.25 CL-WI 45. 7.2 3.4 11/08/2015 095.A-0615(A)
37 UM672 01:34:38.600 -19:32:06.00 1.87 CL 45. 7.2 2.6 07/09/2015 095.A-0615(A)
CL-WI 45. 04/11/2015 096.A-0937(B)
38 SDSS J0125-1027 01:25:30.900 -10:27:39.00 0.74 CL 45. 7.3 3.7 15/09/2015 095.A-0615(A)
39 SDSS J0100+2105 01:00:27.661 +21:05:41.57 0.73 PH 45. 9.5 4.4 17/09/2015 095.A-0615(A)
40 SDSS J0250-0757 02:50:21.800 -07:57:50.00 0.67 PH 45. 7.5 3.6 17/09/2015 095.A-0615(A)
41 SDSS J0154-0730 01:54:40.328 -07:30:31.85 0.75 PH 45. 6.7 3.5 21/09/2015 095.A-0615(A)
42 SDSS J0219-0215 02:19:38.732 -02:15:40.47 0.64 PH 45. 9.3 4.2 21/09/2015 095.A-0615(A)
43 CTSH22.05 01:48:18.130 -53:27:02.00 1.34 CL-WI 45. 7.5 3.8 02/11/2015 096.A-0937(B)
44 SDSS J2321+1558 23:21:54.980 +15:58:34.24 1.61 CL 45. 7.7 3.8 04/11/2015 096.A-0937(B)
45 FBQS J2334-0908 23:34:46.400 -09:08:12.24 1.18 CL 45. 7.3 3.7 04/11/2015 096.A-0937(B)
46 Q2355+0108 23:58:08.540 +01:25:07.20 1.23 CL 45. 7.4 3.4 04/11/2015 096.A-0937(B)
47 6dF J0032-0414 00:32:05.380 -04:14:16.21 1.59 CL 45. 9.6 3.9 04/11/2015 096.A-0937(B)
48 UM 679 02:51:48.060 -18:14:29.00 0.96 PH 45. 7.0 3.6 18/11/2015 096.A-0937(B)
49 PKS0537-286 05:39:54.267 -28:39:56.00 0.74 PH 45. 6.7 3.5 18/11/2015 096.A-0937(B)
50 SDSS J0819+0823 08:19:40.580 +08:23:57.98 0.73 PH 45. 7.7 3.5 15/12/2015 096.A-0937(B)
51 SDSS J0814+1950 08:14:53.449 +19:50:18.62 0.75 PH 45. 10.2 4.2 12/01/2016 096.A-0937(B)
52 SDSS J0827+0300 08:27:21.968 +03:00:54.74 0.96 CL 45. 7.8 3.3 14/01/2016 096.A-0937(B)
53 SDSS J0905+0410 09:05:49.058 +04:10:10.15 0.93 CL 45. 7.1 3.2 14/01/2016 096.A-0937(B)
54 S31013+20 10:16:44.319 +20:37:47.29 0.92 PH 45. 7.9 3.7 14/01/2016 096.A-0937(B)
55 SDSS J1032+1206 10:32:12.886 +12:06:12.83 0.89 CL-WI 45. 7.7 3.7 16/01/2016 096.A-0937(B)
56 TEX1033+137 10:36:26.886 +13:26:51.75 0.70 PH 45. 9.0 4.2 17/01/2016 096.A-0937(B)
57 SDSS J1057-0139 10:57:13.250 -01:39:13.79 1.31 PH 45. 11.2 5.4 19/01/2016 096.A-0937(B)
58 Q1205-30 12:08:12.730 -30:31:07.00 0.63 PH 45. 9.2 4.3 09/02/2016 096.A-0937(B)
59 LBQS1244+1129 12:46:40.370 +11:13:02.92 1.45 PH 45. 9.8 4.6 04/03/2016 096.A-0937(B)
60 SDSS J1243+0720 12:43:53.960 +07:20:15.47 1.29 PH 45. 8.5 3.9 08/03/2016 096.A-0937(B)
61 LBQS1209+1524 12:12:32.040 +15:07:25.63 1.42 PH 45. 8.9 4.1 17/03/2016 096.A-0937(B)
a Seeing computed from the “white-light” image of the final MUSE datacubes as FWHM of a Moffat profile.
b Sky conditions during observations as from the ESO observations log: PH-photometric; CL-clear; WI-windy; TN-thin cirrus; HU-humid
c Exposure time on source (i.e. without overheads).
d 2σ SB limit in 1 arcsec2 computed for the layer (1.25A˚) at the redshift of the Lyα emission for each target. The cgs units are erg s−1 cm−2 arcsec−2.
e 2σ SB limit in 1 arcsec2 computed for the 30A˚ NB image centered at the redshift of the Lyα emission for each target. The cgs units are
erg s−1 cm−2 arcsec−2.
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to greatly outshine the host galaxy, whose contribution in
the central region is thus considered to be negligible.
Subsequently, we have applied the CubeBKGSub algo-
rithm within CubExtractor to remove any continuum
source in the MUSE datacube. This procedure is based on
a fast median-filtering approach described in Borisova et al.
(2016), and allows us to avoid any contamination from con-
tinuum sources in the search for extended line emission as-
sociated with each quasar.
We then run CubExtractor on each of the PSF and
continuum subtracted cubes to select, if any, extended Lyα
emission. Specifically, we only use the portion of the cubes at
about ±11000 km s−1 (±150 layers) around the quasar sys-
temic redshift. As Borisova et al. (2016) found Lyα nebulae
with a minimum “volume” of 10000 connected voxels (vol-
ume pixels) above a signal-to-noise ratio S/N> 2 around all
of their targets, we first use such selection criteria to identify
the Lyα extended emission around our sample. However,
we find that some of our targets are not characterized by
such large volumes. For this reason, we have then decreased
the threshold on the number of connected voxels in steps of
1000 to search for detections. All our targets have a detected
Lyα nebula greater than 1000 voxels. We list in Table 3 the
number of connected voxels for each of them. These num-
bers should be considered with caution as, by construction,
the extraction process is strongly dependent on the correct
determination of the noise in MUSE datacubes. In this re-
spect, we rely on the variance cube produced by our pipeline.
This cube is propagated during the reduction steps and then
rescaled to take into account the correlated noise (see details
in Borisova et al. 2016).
CubExtractor generates a three-dimensional (3D)
mask that includes all the connected voxels satisfing the
selection criteria, and which can be used to compute sev-
eral diagnostic images. First, for each quasar, the 3D mask
is used to construct an “optimally extracted” NB image for
the Lyα emission by summing the flux along the wavelength
direction for only the voxels selected by this 3D mask. Fol-
lowing Borisova et al. (2016), a layer of the MUSE cube
corresponding to the peak of the Lyα emission has been
added as “background” layer to each “optimally extracted”
NB image. In other words, as the projected field-of-view de-
scribed by the 3D mask does not cover the whole MUSE
field-of-view, we replaced the empty pixels with values from
the respective pixels in the layer at the peak of the Lyα
emission.
In addition, the 3D masks – and thus only the voxels
selected – are also used to compute the first and second
moments (in velocity space) of the flux distribution at each
spatial location around each quasar. Finally, we have also
constructed NB images of 30 A˚ by collapsing the MUSE
cubes centered at the Lyα peak of each nebulosity. Altough
all this analysis approach can be used to extract and present
any line-emission covered by the MUSE datacubes for our
sample (e.g., C iv, He ii), in this work we focus only on the
Lyα emission and we leave to a future paper (Arrigoni Bat-
taia et al., in prep.) the analysis of additional extended line
diagnostics.
3.2 The quasars’ systemic redshift
Having an accurate systemic redshift for the targeted
quasars is a first fundamental step towards the understand-
ing of the geometry and kinematics of each system (e.g.,
Weidinger et al. 2005). In particular, a precise determina-
tion of the systemic redshift would allow (i) to say if the
detected extended line emission is physically related to the
studied quasars, or if it is a structure at larger distances in
the foreground or background; and (ii) to compare the kine-
matic informations available from observations to simulation
studies. However, such precise estimates of the systemic red-
shift of z> 2 quasars are difficult to determine (e.g., Gaskell
1982; Tytler & Fan 1992; Hewett & Wild 2010), and requires
expensive campaigns of follow-up observations in the near-
IR (e.g., McIntosh et al. 1999) or molecular tracers to bring
the uncertainties down to the order of few tens of km s−1
(e.g., Venemans et al. 2017).
For our sample, at the moment we can only rely on the
sytemic redshift estimated from the C iv line after correct-
ing for the known luminosity-dependent blueshift of this line
with respect to systemic (Richards et al. 2002, 2011; Shen
et al. 2016). We have estimated the peak of the C iv line
for each of the quasars from our MUSE sample, as specified
in Shen et al. (2016), and added to the estimated redshift
the luminosity dependent velocity shift determined follow-
ing the relation in Shen et al. (2016). In Table 1 we list such
systemic redshifts for our targeted quasars. With an intrin-
sic uncertainty of 415 km s−1 for the empirical calibration
in Shen et al. (2016), these estimates are not optimal for a
detailed studied of our systems in which we expect velocities
of the order of hundreds of km s−1 to be in place (e.g., Go-
erdt & Ceverino 2015; Borisova et al. 2016; Arrigoni Battaia
et al. 2018). Future efforts are surely needed to better con-
strain this fundamental parameter. We have indeed initiated
a survey in molecular tracers to obtain the systemic redshift
of these quasars down to few tens of km s−1 uncertainties.
4 RESULTS: DIVERSE SPECIMENS OF
EXTENDED LYα EMISSION
In this section we present the results of our QSO MUSEUM
survey concerning the detection of extended Lyα emission
around the targeted quasars. We stress once again that our
data do cover the wavelengths of additional emission lines
and continuum diagnostics of which we will present the data
in dedicated papers.
4.1 The morphology of the extended Lyα emission
In Figure 1 we show the atlas of the 61“optimally extracted”
NB images for the Lyα nebulae extracted from the PSF
and continuum subtracted datacubes following the proce-
dure mentioned in section 3.1. In this atlas, each image rep-
resents 30′′ × 30′′ (or about 230 kpc ×230 kpc) around each
quasar, whose position before PSF subtraction is indicated
by the white crosshair. For simplicity, we identify each tar-
get by the index from Table 1, and we report this number
in the bottom-right corner of each image.
As it is not feasible to visually assess the noise level
in these “optimally extracted” images, we overlay the S/N
MNRAS 000, 1–48 (2018)
8 F. Arrigoni Battaia et al.
contours computed from the propagated variance and tak-
ing into account the number of spaxels contributing to
each spatial pixel. Specifically, we show the contours for
S/N = 2, 4, 10, 20, and 50.
Qualitatively, Figure 1 shows extended Lyα emission
around each system however with different extents, geome-
tries, and substructures. All the objects are characterized by
Lyα emission on radii R. 50 kpc (magenta circle on ID 38
in Figure 1), which appears to be mostly symmetric on such
scales. The average maximum projected distance at which
we detect Lyα emission from the targeted quasar down to
the 2σ SB limit is 81 kpc or 10.7′′(see Table 3). Objects with
asymmetric extended Lyα emission appear to be very rare
in our sample. Indeed, we discover only 1 ELAN (around
the quasar with ID 13 or PKS 1017+109; Arrigoni Battaia
et al. 2018).
In all our targets, we are confident that the extended
Lyα emission is not due to a systematic effect in under-
estimating the PSF of each quasar (see also appendix A).
Indeed, in each case, the extended Lyα emission is charac-
terized by a much narrower line profile than the broad Lyα
emission of the quasar itself. We show these differences in
Figure 2, where we compare the normalized Lyα line fea-
tures for each quasar (black) and surrounding nebulosity
(red). The quasar and nebulosity spectra reported in these
figures have been extracted in circular apertures with 1.5
arcsec radius, and centered at the peak of the unresolved
quasar or at the peak of the extended Lyα emission, respec-
tively.
From Figure 2, it is also evident that some of the ex-
tended nebulosities appear to have a shift in redshift with
respect to the current uncertain estimate for the quasar
systemic. Specifically, we have estimated the redshift for
the nebulosities as the location of the flux-weighted cen-
troid of the Lyα emission in these 1D spectra. In Figure 3
we show the histogram5 of such velocity shifts between the
quasar systemics and the nebulosities, which cover the range
−2000kms−1 ≤ ∆v ≤ 5980 km s−1, with the quasars with
ID 38 (or SDSSJ0125-1027) and ID 23 (or Q-2138-4427) hav-
ing the bluest and the reddest shift, respectively. Overall,
75% of the nebulosities have their peaks at positive velocity
shifts with respect to the systemic of the quasar, making the
median value of such shift ∆vmedian = 782 km s−1.
Additionally, if we instead compute the velocity shift
between the nebulosities and the observed peak of the Lyα
emission of the quasars themselves (zpeakQSOLyα ), we find
definitely smaller shifts (orange histogram in Figure 3). Such
velocity displacements cover the range −2205kms−1 ≤ ∆v≤
2524 km s−1 with the quasars with ID 38 (or SDSSJ0125-
1027) and ID 6 (or SDSSJ0947+1421) being two outliers
with the bluest and the reddest shift, respectively. The me-
dian value is ∆vmedian = 144 km s−1. Thus, intriguingly, even
though the peak of the Lyα line of the quasars is highly
affected by the presence of multiple absorption features, it
appears close in wavelength to the Lyα nebulosities. This oc-
currence highlight the important of a precise determination
of the quasar systemic, and might be related to the physical
mechanism producing the Lyα emission within the nebu-
5 We use bins with the same size as the intrinsic uncertainty on
the estimate of the quasars redshift, i.e. 415 km s−1
losities, and/or to the overall kinematics of the observed gas
(see discussion in section 5.3). We report all the estimates
of the redshifts used for this plot in Table 16.
We compared the nebulae here discovered with the work
by Borisova et al. (2016), finding an overall agreement with
our results. Borisova et al. (2016) also found mainly spatially
symmetric nebulosities and only two of their targets (ID 1
and 3 in their work) show asymmetric extended nebulosi-
ties. Overall, this result is consistent with the expectations
from previous works in the literature which showed that 50-
70% of the targeted quasars have extended Lyα emission
in their surroundings on radii < 50 kpc (see Section 1). It
is important to stress that previous works targeting z ∼ 3
quasars were achieving SB limits of the order of ∼ 10−17 erg
s−1 cm−2 arcsec−2 evaluated for equivalent 60 A˚ NB filters
(e.g. Heckman et al. 1991a; Christensen et al. 2006), which
is much poorer (at least one order of magnitude) than any
recent MUSE data, including our work.
Regarding the velocity shift between the Lyα neb-
ulosities and the quasars systemic, the values reported
in Borisova et al. (2016) (their Table 2) show that all
nebulosities have positive velocity shifts in the range
959kms−1 ≤ ∆v≤ 4011 km s−1, and with a median value of
∆vmedian = 1821 km s−1 7. However, while looking at their
Figure 2 it appears that the peak of the Lyα emission from
the nebulosities is closer to the peak of the Lyα emission
of the quasars themselves, being sometimes also blueshifted
from the quasar’s systemic (e.g. their ID 14, 16). The
closer association between the nebulosities and the peak of
the Lyα emission of the quasars themselves seems thus in
agreement with our analysis.
4.1.1 Quantifying the spatial asymmetry of the emission
A better understanding of the discovered Lyα nebulae re-
quires quantitative informations also on their morphology
and on the level of asymmetry of the structures above our
current detection limits. Indeed, these informations should
be used to infer the physical properties, geometry, and scales
of the Lyα emitting gas both observationally and in com-
parison to current cosmological simulations post-processed
with radiative transfer codes (e.g., Weidinger et al. 2005;
Cantalupo et al. 2014). We have thus quantified the asym-
metry of the Lyα light distribution in the discovered neb-
ulosities by estimating (i) the distance between the quasar
and the flux-weighted centroid of the emission within the 2σ
isophote of each nebulosity, dQSO−Neb; (ii) the asymmetry of
the emission within the 2σ isophote using the second order
moments of each nebulosity’s light.
In particular, after estimating the flux-weighted cen-
troid for each nebulosity (xNeb,yNeb) within the 2σ isophote
in the 2D image shown in Figure 18, we have measured the
6 Our calculation of the quasar systemic redshifts gives consistent
results with works in the literature (e.g., Weidinger et al. 2005;
see Appendix C).
7 The quasars’ systemic redshift in Borisova et al. (2016) is ob-
tained as in this work. Thus, it is similarly uncertain.
8 Also for this analysis the 1′′×1′′ region around each quasar, and
used for the PSF rescaling, has been masked.
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Figure 1. Atlas of the 61 “optimally extracted” NB images for the Lyα emission around the quasars in the QSO MUSEUM sample.
Each image shows the SB maps of 30′′×30′′ (or about 230 kpc ×230 kpc) centered on each quasar after PSF and continuum subtraction
(see Section 3.1 for details). Each of the system is numbered following Table 1. In each image the white crosshair indicates the position
of the quasar prior to PSF subtraction. For reference, we overlay a magenta circle with a radius of 50 kpc on the image with ID 38.
To highlight the significance of the detected emission, for each SB map we indicate the contours for S/N = 2, 4, 10, 20, and 50. A cyan
diamond in the bottom-left corner indicates when the quasar is radio-loud. The detected extended Lyα emission shows a diversity of
extents, geometries and substructures. North is up, east is to the left.
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Table 3. QSO MUSEUM: properties of the extended Lyα emission.
ID Quasar Luminosity Area ∆λ a Max. Distanceb αc ddQSO−Neb φ
e
NE Voxels
f
(1043 erg s−1) (arcsec2) (A˚) (arcsec / kpc) (arcsec / kpc) (degree)
1 SDSS J2319-1040 3.17 102.4 36.2 7.37 / 55.8 0.80 0.29 / 2.2 -38.8 12059
2 UM 24 2.57 156.7 32.5 10.32 / 78.2 0.77 1.17 / 9.0 -30.4 10812
3 J 0525-233 1.17 79.5 30.0 9.21 / 70.1 0.84 1.11 / 8.4 -1.7 6406
4 Q-0347-383 4.11 177.5 27.5 12.12 / 91.2 0.80 0.40 / 3.0 -60.0 16760
5 SDSS J0817+1053 4.99 147.3 36.2 12.98 / 96.6 0.80 1.43 / 10.7 -22.9 17726
6 SDSS J0947+1421 2.04 86.2 33.8 11.71 / 89.5 0.34 3.14 / 24.1 -83.8 8936
7 SDSS J1209+1138 2.32 93.0 32.5 7.97 / 60.6 0.90 1.71 / 13.0 -27.8 8793
8 UM683 7.92 274.0 43.8 19.09 / 145.1 0.64 3.83 / 29.1 23.9 44094
9 Q-0956+1217 5.34 158.4 50.0 12.50 / 93.2 0.73 1.78 / 13.3 -80.0 16921
10 SDSS J1025+0452 18.66 288.9 51.2 14.97 / 112.5 0.78 1.37 / 10.3 19.2 50282
11 Q-N1097.1 2.96 103.1 26.2 10.83 / 82.6 0.70 0.39 / 3.0 16.8 10313
12 SDSS J1019+0254 3.09 76.7 33.8 10.35 / 76.6 0.45 1.12 / 8.3 63.4 9643
13 PKS-1017+109 24.87 466.6 47.5 27.28 / 206.6 0.49 8.50 / 64.4 -28.7 74865
14 SDSS J2100-0641 2.14 63.0 48.8 8.63 / 65.6 0.60 0.84 / 6.4 -82.6 13645
15 SDSS J1550+0537 5.63 133.6 35.0 10.35 / 78.5 0.61 0.61 / 4.7 -41.9 19547
16 SDSS J2348-1041 2.28 115.6 32.5 8.53 / 64.5 0.71 0.99 / 7.5 -8.8 11316
17 SDSS J0001-0956 10.80 243.1 40.0 13.11 / 97.5 0.76 1.52 / 11.3 19.6 34978
18 SDSS J1557+1540 21.83 161.5 52.5 11.33 / 84.8 0.84 1.10 / 8.3 68.9 32057
19 SDSS J1307+1230 6.98 189.4 41.2 12.15 / 91.5 0.87 1.12 / 8.4 -45.3 28534
20 SDSS J1429-0145 3.55 90.6 41.2 8.61 / 63.5 0.65 1.60 / 11.8 84.1 13666
21 CT-669 10.95 129.7 41.2 9.29 / 70.0 0.76 0.74 / 5.6 4.0 20077
22 Q-2139-4434 10.36 172.5 56.2 11.14 / 83.8 0.88 0.68 / 5.1 -50.3 26745
23 Q-2138-4427 4.65 91.3 38.8 8.47 / 64.3 0.82 1.52 / 11.6 -9.1 13164
24 SDSS J1342+1702 2.41 134.5 23.8 15.47 / 118.5 0.40 2.31 / 17.7 -44.3 6820
25 SDSS J1337+0218 0.52 36.7 27.5 12.41 / 92.3 0.37 6.91 / 51.6 -11.8 3235
26 Q-2204-408 1.10 12.5 15.0 3.40 / 25.7 0.36 0.84 / 6.3 22.5 1192
27 Q-2348-4025 5.13 149.4 40.0 9.44 / 70.3 0.79 1.14 / 8.5 -23.6 16359
28 Q-0042-269 0.96 53.7 22.5 7.94 / 59.0 0.65 0.77 / 5.7 69.0 3925
29 Q-0115-30 0.33 28.9 22.5 5.73 / 43.1 0.65 1.65 / 12.5 79.5 2580
30 SDSS J1427-0029 4.11 34.6 17.5 5.26 / 39.1 0.71 0.28 / 2.0 76.3 2676
31 UM670 2.79 115.6 30.0 10.04 / 75.7 0.75 2.14 / 16.3 -5.2 11133
32 Q-0058-292 3.77 161.6 40.0 11.82 / 90.2 0.60 3.11 / 23.8 31.2 19912
33 Q-0140-306 5.10 174.3 37.5 11.74 / 89.3 0.73 0.58 / 4.4 -3.8 19124
34 Q-0057-3948 5.06 160.2 42.5 10.84 / 81.4 0.69 1.56 / 11.7 -0.3 19711
35 CTS-C22.31 5.01 141.7 33.8 11.71 / 88.0 0.53 1.83 / 13.7 54.9 18334
36 Q-0052-3901A 9.81 198.5 40.0 12.31 / 92.9 0.63 2.56 / 19.3 40.3 30792
37 UM672 6.51 117.9 47.5 7.92 / 60.2 0.95 1.22 / 9.3 -82.6 23973
38 SDSS J0125-1027 2.25 26.0 21.2 6.65 / 49.6 0.98 0.45 / 3.4 61.3 3000
39 SDSS J0100+2105 5.02 59.8 38.8 6.42 / 49.0 0.79 0.38 / 2.9 -41.4 8969
40 SDSS J0250-0757 2.88 103.9 38.8 11.58 / 86.2 0.68 0.57 / 4.3 -78.2 10602
41 SDSS J0154-0730 3.27 97.2 42.5 9.89 / 73.6 0.62 0.92 / 6.9 68.5 13112
42 SDSS J0219-0215 3.51 101.7 35.0 8.92 / 68.5 0.53 0.92 / 7.0 0.3 10631
43 CTSH22.05 7.36 205.2 47.5 15.60 / 118.6 0.75 1.51 / 11.6 -53.0 26134
44 SDSS J2321+1558 0.89 69.2 21.2 9.78 / 73.5 0.68 1.33 / 10.0 37.0 5248
45 FBQS J2334-0908 0.67 39.1 25.0 8.67 / 64.4 0.68 1.11 / 8.3 -83.0 3382
46 Q2355+0108 5.37 208.4 42.5 12.63 / 93.5 0.75 0.85 / 6.3 -49.5 24127
47 6dF J0032-0414 35.73 305.0 47.5 15.28 / 115.8 0.90 1.09 / 8.3 -84.0 60203
48 UM679 4.49 123.1 37.5 10.70 / 80.6 0.91 0.72 / 5.4 -40.4 18594
49 PKS0537-286 4.63 170.0 38.8 10.85 / 82.4 0.81 0.29 / 2.2 -26.1 20509
50 SDSS J0819+0823 38.70 342.7 58.8 17.20 / 129.8 0.56 0.56 / 4.2 74.4 73149
51 SDSS J0814+1950 2.58 33.8 21.2 6.24 / 47.4 0.48 0.52 / 3.9 -2.0 4995
52 SDSS J0827+0300 0.84 43.5 21.2 5.53 / 42.0 0.72 0.85 / 6.5 81.6 2277
53 SDSS J0905+0410 2.79 131.8 41.2 12.01 / 91.0 0.80 1.23 / 9.3 -12.7 15633
54 S31013+20 5.63 163.0 47.5 10.74 / 81.8 0.70 1.10 / 8.4 -75.1 21659
55 SDSS J1032+1206 1.54 45.6 32.5 5.84 / 44.1 0.70 0.81 / 6.2 -1.3 5293
56 TEX1033+137 12.67 202.4 37.5 14.16 / 108.0 0.68 1.37 / 10.4 -56.3 31894
57 SDSS J1057-0139 1.70 61.8 33.8 8.92 / 65.7 0.64 1.28 / 9.5 34.1 6488
58 Q1205-30 5.78 86.8 40.0 8.92 / 68.4 0.64 1.88 / 14.4 -53.2 12046
59 LBQS1244+1129 5.21 138.1 48.8 10.62 / 80.6 0.73 0.83 / 6.3 -48.4 17614
60 SDSS J1243+0720 5.07 107.4 45.0 8.66 / 65.5 0.86 0.23 / 1.7 -49.1 14714
61 LBQS1209+1524 3.21 156.9 43.8 13.67 / 104.5 0.60 0.26 / 2.0 8.7 15957
a Maximum spectral width of the “3-dimensional mask” extracted above the 2σ threshold (see Section 3.1)
b Maximum distance from the quasar spanned by the Lyα emission within the 2σ isophote.
c Ratio between the semiminor axis b and semimajor axis a obtained from the second order moments of the Lyα emission within the 2σ isophote.
d Distance between the position of the quasar and the flux-weighted centroid of the Lyα emission within the 2σ isophote.
e Position angle (East of North) of the major axis a obtained from the second order moments of the Lyα emission within the 2σ isophote.
f Number of connected voxels above the threshold of S/N=2 used for the extraction of the nebulosities.
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Figure 2. 1D spectra for the quasars in our sample (black) and discovered nebulosities (red) at the location of the Lyα emission, in the
observed frame. Each spectrum has been extracted in a circular aperture of 1.5 arcsec radius, and it is normalized to its peak in this
wavelength range. The dashed blue lines indicate the systemic redshift of the quasars as listed in Table 1, and the blue shaded regions
indicate the calibration uncertainty on this estimates (415 km s−1). Following Table 1, we report the quasars’ ID numbers in each panel.
The nebulosities show a much narrower line profile than quasars, and appear to be shifted from the current estimate for the quasars’
systemic redshift.
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Figure 2 – continued
flux-weighted second order moments following for example
Stoughton et al. (2002). These moments are defined as
Mxx ≡ 〈 (x− xNeb)
2
r2
〉 f , Myy ≡ 〈 (y− yNeb)
2
r2
〉 f , (1)
Mxy ≡ 〈 (x− xNeb)(y− yNeb)r2 〉 f ,
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Figure 2 – continued
where r is the distance of a point (x,y) from the flux-weigthed
centroid. Using the second order moments one can define the
so-called “Stokes parameters”
Q≡Mxx−Myy, U ≡ 2Mxy, (2)
and derive the asymmetry (or the ratio between the semimi-
nor and semimajor axis b and a), and the position angle
describing the light distribution:
α = b/a =
(1−
√
Q2 +U2)
1+
√
Q2 +U2
, φ = arctan
(
U
Q
)
. (3)
In particular, the angle φ is the angle between the semi-
major axis and the closest x- or y-axis. In Table 3 we list the
obtained parameters following this formalism: distance be-
tween each quasar and the center of the nebulosity dQSO−Neb,
the asymmetry α, and the angle φ after converting it to the
more common angle East of North.
In Figure 4 we plot the distance dQSO−Neb, and the
asymmetry α versus the area enclosed by the 2σ isophote of
each Lyα nebulosity in the top panel and bottom panel, re-
spectively. To help the visualization of the data we also show
the histogram for each quantity. This figure clearly shows
that most of the nebulae have their flux-weighted centroid
in close proximity of the targeted quasar, (dQSO−Neb)median =
8.3 kpc (or 1.1 arcsec), and that appear to have a more
circular shape, αmedian = 0.71. On the contrary, there are a
handful of cases for which the centroid of the nebulosity
is clearly separated from the quasar (> 20 kpc), with ID
13 (or PKS 1017+109) being the extreme case (dQSO−Neb =
64.4 kpc). Also, 7 nebulosities show an asymmetry α < 0.5.
However, while most of these small asymmetries are driven
by features on small scales, ID 13 (or PKS 1017+109) ap-
pear to be a clear outlier with the small asymmetry driven by
structures on large scales, i.e. encompassing an area ≥ 3.4×
that of the other 6 nebulosities with α < 0.5. These charac-
teristics are probably evidences of the powering mechanism
for the Lyα emission (see Section 5.3), of the local envi-
ronment of the system studied (e.g., Hennawi et al. 2015;
Arrigoni Battaia et al. 2018), and possibly encode informa-
tion on the different orientations of the systems with respect
to our observational vantage point. In Figure 4 we also in-
dicate weather a quasar is radio-quiet (blue) or radio-loud
(red), showing that the two populations do not differ on
these plots.
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Figure 3. Histogram of the velocity shifts between the flux-
weighted centroid of the Lyα emission peak of the nebulosities
zpeakLyα and the systemic redshift of the quasars zsystemic (blue),
both listed in Table 1. We compare this histogram with the his-
togram of the velocity shifts between zpeakLyα and the Lyα emis-
sion peak of the quasar itself zpeakQSOLyα (orange, see Table 1).
The Lyα nebulosities appear to be closer to zpeakQSOLyα than to
the current (uncertain) zsystemic of the quasars.
4.1.2 Individual circularly averaged surface brightness
profiles
In this section we compute the radial SB profiles for the dis-
covered Lyα nebulosities as commonly done in the literature.
Such profiles provide additional information on the diverse
morphologies of the nebulosities, while can shed light on the
mechanism powering the Lyα line and on the cool gas distri-
bution around quasars at this redshift. In particular, we aim
to obtain an average profile for our sample, and compare it
to the average profile of Lyα seen from the quasar CGM at
different redshifts (e.g., Arrigoni Battaia et al. 2016).
First, to use the full information contained in the MUSE
datacubes we decided not to use the “optimally extracted”
images. Indeed these images are obtained by cutting the
data with a S/N threshold which would inevitably result in
the loss of information at large distances from the quasar.
From Table 3 – where we report the maximum projected
distance reached by each Lyα structure from the quasar po-
sition – it is evident that 32 nebulosities do not have emis-
sion above 2σ extending at distances > 80 kpc from the
quasar. In addition, the noise characterization in the “opti-
mally extracted” images is not trivial and would introduce
an additional uncertainty in the estimate of the profiles (as
explained in Borisova et al. 2016).
For these reasons we extracted the circularly averaged
SB profiles from NB images with fixed width (30 A˚) ob-
tained from the PSF and continuum subtracted datacubes,
and centered at the Lyα peak of each nebulosity. For each
of these NB images, we have propagated the corresponding
subsection of the variance cube to obtain a variance im-
age. As anticipated in Section 2, in Table 2 we list the 2σ
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Figure 4. Top panel: plot of the distance between the quasar
position and the flux-weighted centroid of the Lyα nebulosity,
dQSO−Neb, versus the area enclosed by the 2σ isophote. Most of
the nebulosities are centered at small separations from the quasar,
with ID 13 (or PKS 1017+109) being a clear outlier. Lower panel:
plot of the asymmetry α, i.e. the ratio between the semiminor
axis b and semimajor axis a, versus the area enclosed by the 2σ
isophote. ID 13 (or PKS 1017+109) appears to be a clear outlier
with the small asymmetry driven by structures on large scales.
In both panels, blue circles indicate the radio-quiet systems, red
circles the radio-loud, and the open circles the six cases where no
radio data are available.
SB limit for each of these NB images, which are roughly
5× higher than for a single layer (1.25 A˚). While such a
fixed width does not enclose the whole Lyα emission above
the S/N = 2 threshold used to extract the 3D mask, it is a
good compromise to include most of the bright Lyα emis-
sion while being still sensitive to emission at very low SB
levels on large scales (∼ 100 kpc). Also, this width is similar
to the wavelength range spanned by the NB filter used in
the literature to detect Lyα emission, and thus enables a
more direct comparison with those studies. Figures 5 show
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all the NB images obtained from the PSF and continuum
subtracted datacubes together with the white-light images
and the“optimally extracted” images. This figure clearly dis-
play the higher noise level in comparison to the single layer
(1.25 A˚) used as background in the “optimally extracted”
NB images (see section 3.1).
Before proceeding with the extraction of the profiles, we
further prepared the NB images by masking artifacts and
compact sources, which would otherwise contaminate the
profiles. In particular, even though we have subtracted the
continuum using the CubeBKGSub algorithm within CubEx-
tractor, our images are affected by residuals (both positive
or negative) expecially at the position of bright continuum
sources, i.e. stars or galaxies. To avoid such contamination,
we constructed a mask for the continuum sources using the
white-light image of each field. This approach is very conser-
vative as the subtraction of the continuum has been tested
in previous works (e.g., Borisova et al. 2016). In particu-
lar, in analogy to what was done in Arrigoni Battaia et al.
(2016), we run CubExtractor to identify all the contin-
uum sources above S/N = 2 and down to very small objects
(5 pixels minimum) within the white-light images. CubEx-
tractor produces a“segmentation” image that is then used
to create a mask, after removing the region corresponding to
the quasar that otherwise would hide the emission of interest
here.
In addition, to avoid the detection of signal from com-
pact line emitters around the quasars, i.e., objects which do
not have a continuum detection, we obtain a similar mask
using the NB image itself. However, at this step we only
identify compact sources, with area between 5 pixels and 20
pixels (roughly a seeing disc). By combining the two indi-
vidual masks, we then obtained a final mask which allow
us to neglect in our analysis both pixels from artifacts and
compact sources. Overall this masking procedure reduces
the fraction of the field-of-view that is usable around each
quasar to an average of 88%. This analysis and the final
available field-of-view is similar to what has been used to
extract radial SB profiles around quasars in NB images of
similar depth (Arrigoni Battaia et al. 2016).
We then calculated the circularly averaged SB profile
for each quasar in radial logarithmic bins centered at the
quasar positions with an unweighted average of all the not-
masked pixels within each annulus. We then consistently
propagated the errors from the variance images. To facilitate
the visualization of the profiles and the comparison with the
NB images, we overplot on the “optimally extracted” images
in Figures 5 the annuli within which we calculate the radial
SB profiles. In the same Figures we show the SB profiles for
each of the discovered Lyα nebulosities (blue data points
with errors), together with the 2σ error estimates expected
within each aperture in the case one assumes a perfect sky
and continuum subtraction (gray shaded area)9. In addition,
to compare such profiles with the “optimally extracted” NB
images, we compute the profiles within the same annuli, but
9 This is obtained using the formula
SBlimit(area) =SB
1arcsec2
limit /
√
area where SB1arcsec
2
limit is the SB limit
in 1 arcsec2 reported in Table 2. This formula is true only if a
perfect sky and continuum subtraction is performed. For this
reason the shaded region has to be regarded as only indicative.
only using the emission enclosed by the 2σ isophote (red
data points). By construction, these profiles do not extend
further than the contour enclosing the maximum distance
defined by the 2σ isophote10. While extracting both radial
profiles, we masked the central 1′′ × 1′′ region around the
quasar position used for the PSF rescaling. For this reason
the radial profiles in Figures 5 are shown for radii R> 10 kpc.
Overall, this analysis once again shows the diversity of
the morphologies and extents of the Lyα emission around
the targeted quasars, while emphasizing the differences in
SB between the different objects. In particular, consistently
with the 2D images, the profiles extend out to the maximum
annulus which include the 2σ isophote, and beyond this ra-
dius they appear to monotonically decrease. This decrease is
not driven by the current depth of the data as otherwise we
would have had larger nebulae in the “optimally extracted”
images than in the NB images. This can be clearly seen by
comparing the data-points from the NB images (blue) and
the data-points from the “optimally extracted” images (red).
The decrease is visible in both symmetric and asymmetric
nebulosities. Further, we do not see any particular differ-
ence between the individual profiles of the radio-quiet and
radio-loud objects.
10 The last data-point in some of the profiles extracted using the
3D mask (red crosses) is driven to high SB values because of the
small portion of nebula within the last ring.
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Figure 5. Each row shows 50′′× 50′′ (or approx. 380 kpc ×380 kpc) images (white-light image, 30A˚ NB image, “optimally extracted”
NB image) and the circularly average SB profiles for the targets in our QSO MUSEUM survey. A cyan diamond in the top-left corner
of the white-light image indicates that the quasar is radio-loud. For comparison, the NB images and “optimally extracted” NB images
are shown on the same color scheme and the position of the quasar prior to PSF subtraction is indicated by the white crosshair in all
images. We overlay on the “optimally extracted” images the circular apertures used for the extraction of the profiles. In the rightmost
panel we show the circularly average SB profile extracted from the NB image (blue) and from the “optimally extracted” NB image (red)
(see section 4.1.2 for details). The gray shaded region represents the 2σ SB limit expected within each aperture in the case it is assumed
a perfect sky and continuum subtraction. North is up, east is to the left.
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4.1.3 The average surface brightness profiles
In this section we present average SB profiles for our sample.
We have obtained three different stacked profiles by averag-
ing with equal weights the profiles obtained from the NB
images of (i) all the 61 quasars, (ii) the radio-quiet sample
(39 quasars), and (iii) the radio-loud sample (15 quasars)11.
The left panel in Figure 6 shows these three SB profiles
versus the physical radius of the annuli used for the profile
extraction. In particular, we indicate the whole sample in
blue (large datapoints), while the sub-samples of the radio-
quiet and radio-loud objects in pink and green (small data-
points), respectively. We note that there is only a marginal
difference between the radio-quiet and radio-loud subsam-
ples at radii 20 kpc <R< 50 kpc, with the radio-loud objects
showing a slightly higher SB. For comparison with Borisova
et al. (2016), we fit these stacked profiles with an exponen-
tial SB(r) = Ceexp−r/rh or a power law SB(r) = Cprα . We
found that the obtained stacked profiles are better fit by
an exponential profile with scale length rh = 15.7±0.5 kpc,
rh = 15.5±0.5 kpc, and rh = 16.2±0.3 kpc, for the whole sam-
ple, the radio-quiet and the radio-loud objects, respectively.
The aforementioned excess in SB at intermediate scales for
the radio-loud sample thus determine the small tentative dif-
ference in scale length between the two subsamples. Further,
our quasars are surrounded by Lyα nebulosities character-
ized by scale lengths roughly 3× larger than those for LAEs
at similar redshifts (e.g., Leclercq et al. 2017), probably re-
flecting the different halo masses, and also the ability of the
QSOs to power observable Lyα emission further out.
We note that our best fit power laws have slopes of α =
−1.96, α =−1.93, and α =−1.81, for the whole sample, the
radio-quiet and the radio-loud objects, respectively. These
values are consistent with the power law slope reported by
Borisova et al. (2016) for their average profile, i.e. α =−1.8.
However in our case the best fit profile appears to be the
exponential. For comparison purposes, the average profile
from Borisova et al. (2016) is shown in Figure 6 (solid green
line), together with our best exponential fit (dashed red),
and best power law fit (dotted gray) to our whole sample.
For completeness, we have then computed the aver-
age SB profile of the whole sample and of the radio-
quiet sub-sample both excluding the quasar with ID 13
(or PKS 1017+109), which shows a rare ELAN with mul-
tiple AGN companions (see Section 5.1; Arrigoni Battaia
et al. 2018). The scale-lenghts for the profiles slightly shrinks
rh = 15.4± 0.7 kpc and rh = 15.2± 0.7 kpc, respectively for
the whole sample and for the radio-quiet sample. However
the uncertainties are larger than the variations. The bright-
ness and extent of an ELAN thus seems to affect the average
SB profiles even with a large sample of objects. Table 4 lists
all the details of the profile fitting.
We then compare our stacked SB profile with the work
by Arrigoni Battaia et al. (2016). This work produced a
stacked Lyα SB profile for the z ∼ 2 quasar’s CGM by tar-
geting 15 z ∼ 2.253 radio-quiet quasars with the NB tech-
nique, and achieving similar depths to our extracted NB
data. Indeed, those NB data are a factor of ∼ 2 less deep
11 We remind the reader that currently we do not have informa-
tion on the radio emission for 6 quasars in our sample, which are
thus excluded from both the radio-quiet and radio-loud sample.
than our MUSE NB images, but the cosmological SB dim-
ming of the form (1+ z)−4 should compensate this differ-
ence. Those quasars are characterized by an average Mi(z =
2) = −27.21, and are thus slightly fainter than the quasar
in this study (average Mi(z = 2) =−28.05; see Table1). How-
ever 8 out of 15 of those quasars have luminosities similar to
quasars in the current sample. In particular two have magni-
tudes Mi(z = 2) =−28.75 (SDSS J093849.67+090509.7), and
Mi(z = 2) =−28.06 (SDSS J084117.87+093245.3), which are
comparable also to quasars in the sample of Borisova et al.
(2016). Notwithstanding such differences in luminosity, Ar-
rigoni Battaia et al. (2016) did not report any dependence
of the individual profiles of the extended Lyα emission with
respect to the luminosity of the quasar themselves.
As discussed in Arrigoni Battaia et al. (2016), the NB
imaging technique could be affected by flux losses if the Lyα
line is in reality at a different wavelength (thus redshift) than
expected, and thus falls outside or at the edge of the used
filter. Arrigoni Battaia et al. (2016) have shown that only
error distributions on the redshift with width comparable to
the width of the NB filter (in this case about 2500 km s−1)
can result in significant flux losses (see their appendix B),
and concluded that flux losses should be of the order of 3%
for their sample. Before proceeding with the comparison,
we discuss an additional piece of evidence suggesting that
flux losses are indeed unlikely to dominate the observations
in Arrigoni Battaia et al. (2016). In section 4.1 we have
shown that the Lyα extended emission around the targets
of our QSO MUSEUM survey peaks at wavelengths close to
the maximum of the Lyα emission of the targeted quasars.
We have thus checked the velocity separation between the
quasar’s systemic redshift12 and the peak of the Lyα line
for each of the quasars in Arrigoni Battaia et al. (2016).
We have found a median (mean) shift of ∆v = −92 km s−1
(−250 km s−1), with only two quasars having a large dis-
placement, ∆v=−1468 km s−1 (SDSS J131433.84+032322.0)
and ∆v=−1789 km s−1 (SDSS J085233.00+082236.2). Since
the quasar’s systemic redshifts were chosen to conserva-
tively fit within the NB filter, this occurrence indicates that
those observations should not be significantly affected by
flux losses at least for 13/15 of the quasars in their sample.
We thus show in Figure 6 the average profile for the
Lyα emission around z ∼ 2.253 quasars as determined by
Arrigoni Battaia et al. (2016) (large orange datapoints). It
appears that z∼ 3 quasars are surrounded by a brighter glow
in the Lyα line. This is even more evident if we correct the
SB of the two datasets for the cosmological dimming, and
use the comoving distances instead of the physical ones. We
show this comparison in the right panel of Figure 6. This
result has to be verified with more statistical studies of the
z ∼ 2 population, e.g. with KCWI. Nevertheless we discuss
the implications of such a finding in Section 5.2.
4.1.4 Averaging covering factor of detected extended
Lyman-Alpha emission
Given the diversity in morphology of the discovered nebu-
losities, it is difficult to visually assess which fraction of the
12 In Arrigoni Battaia et al. (2016) the quasar’s systemic redshfits
are more robust than here (uncertainty of ∼ 270 km s−1).
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Figure 6. Average Lyα SB profiles for the nebulosities discovered in our QSO MUSEUM survey. Left panel: we show the average profile
for the whole sample (large blue; 61 targets), the radio-quiet subsample (pink diamond; 39 quasars), and radio-loud subsample (small
green; 15 quasars) in observed SB units versus the physical radius. For the radio-quiet and radio-loud subsamples we slightly shifted the
datapoints along the x-axis to allow a better visualization. For each profile, open squares indicate negative datapoints. For the whole
sample we show the best exponential fit (dashed red line) and the best power-law fit (dotted gray line). In addition, we compare our
dataset with the average profile for (i) z ∼ 2.25 quasars by Arrigoni Battaia et al. (2016), and for (ii) z ∼ 3.5 quasars by Borisova et al.
(2016). Right panel: the average profile for the QSO MUSEUM sample is compared to the average profiles by Arrigoni Battaia et al.
(2016), and Borisova et al. (2016) after correcting for the cosmological dimming and using comoving units for the radii. By comparing
these datasets it appears that z∼ 3 quasars are surrounded by a brighter glow in the Lyα line (see Sections 4.1.3 and 5.2 for details and
discussion).
area around the quasars contributes to the aforementioned
profiles. We have thus complemented the previous analysis
by estimating the covering factor in logarithmic bins for the
extended Lyα emission above the S/N = 2 threshold used
to extract the 3D mask in Section 3.1. Specifically, for each
logarithmic bin used for the extraction of the radial profiles
in Section 4.1.2, we have simply defined the covering factor
fC as the ratio between the area spanned by the Lyα emis-
sion above the S/N = 2 threshold and the total area of that
radial bin. We have thus obtained radial profiles for fC for
each discovered Lyα nebulosity.
The average covering factor for our whole sample
〈 fC〉S/N=2 is then estimated by averaging with equal weights
the information from each individual target. In Figure 7 we
thus show 〈 fC〉S/N=2 in logarithmic bins of radius R from
the quasar. This covering factor has to be treated with cau-
tion. Indeed, by construction, it depends on the depth of the
dataset and on the S/N threshold used for the analysis. In
addition, close to the quasar position, the morphology of the
nebulosities, and thus the area covered by the Lyα emission,
are uncertain due to the PSF subtraction. For these reasons,
in Figure 7 the estimated values are formally regarded as a
lower limit for the area covered by Lyα emitting gas around
our sample of quasars.
Figure 7 shows that the detected extended Lyα emis-
sion covers a fraction > 30% for radii R < 50 kpc (vertical
gray line), while it quickly decrease to lower values at larger
distances. For comparison, we show in red the profile of the
covering factor for the target with ID 13 (or PKS 1017+109),
which is associated with an ELAN. This object is clearly
characterized by a larger covering factor than the average
population, with fC > 0.8 for R < 50 kpc, and fC > 0.1 at
R = 140 kpc (our last bin).
The Quasar Probing Quasar (QPQ) series of papers
(e.g., Hennawi et al. 2006b; Hennawi & Prochaska 2013)
studied the z ∼ 2 quasar CGM by using bright background
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Table 4. Fit of the average Lyα surface brightness profile.
Sample # 〈zLyα 〉 C ae r ah χ2 be C cp α c χ2 dp
(10−18) (kpc) (10−18) (kpc)
All 61 3.209 56.8 15.7 5.1 5124.3 -1.96 40.1
All but ID13e 60 3.210 56.6 15.4 4.8 4103.7 -1.90 35.1
RQf 39 3.221 54.4 15.5 8.2 4250.6 -1.93 38.7
RQ but ID13e 38 3.223 55.0 15.2 7.5 3596.5 -1.88 33.5
RLf 15 3.174 56.2 16.2 0.6 3240.4 -1.81 45.2
a Best-fit parameters assuming SB profile SB(r) =Ceexp(−r/rh). Ce is in unit
of 10−18 erg s−2 cm−2 arcsec−2.
b Reduced chi square for the exponential fit.
c Best-fit parameters assuming SB profile SB(r) =Cprα . Cp is in unit of
10−18 erg s−2 cm−2 arcsec−2.
d Reduced chi square for the power-law fit.
e ID13 (PKS-1017+109) is not included as it is surrounded by an ELAN.
f RQ and RL stand for radio-quiet and radio-loud. Note that 6 targets
currently do not have information in radio.
sightlines of higher-z quasars as a probe of the foreground
quasar halo. These studies have shown that the z∼ 2 quasar
CGM is permeated by optically thick gas with high cover-
ing factor >0.4 out to 200 projected kpc in a ±1500 km s−1
velocity interval (Prochaska et al. 2013a,b). A direct compar-
ison between these absorption studies and our current work
is complicated by the differences inherent to the two tech-
niques. Indeed the absorption experiment can only rely on
a one-dimensional probe percing through the studied fore-
ground system. The seeing, the uncertainty on cloud sizes,
the fact that one probes the quasar ionizing luminosity or
n2H in emission, but optical depth in absorption (Hennawi &
Prochaska 2013), and (possibly) the different redshift tar-
geted (see Section 5.2), all hamper a statistical one-to-one
comparison. Notwithstanding these uncertainties, our data
suggests that the optically thick gas – if present also at z∼ 3
in similar quantities – is not responsible for the Lyman-alpha
emission at > 50 kpc distance from the central quasar as its
covering factor is much higher than the one of the emitting
gas (at least down to the current SB limits), and such op-
tically thick phase should be bright enough (if illuminated
by the quasar) to be detected in our observations as demon-
strated in Hennawi & Prochaska (2013). To get similar lower
limits on the covering factor at 50 kpc or larger distances
as in our data, one would have to consider only the low-
est column density systems observed in the QPQ series. We
will focus on a detailed comparison between absorption and
emission studies (also in individual systems at z ∼ 3) in fu-
ture works.
4.2 Compact line emitters associated with the
extended Lyman-Alpha emission
The targets of QSO MUSEUM have been chosen without
any prior constraint on their environment13. However, the
13 We remind the reader that we selected our targets by avoiding
very crowded fields in optical observations (see Section 2). This
should not biased our selection as most of the optical sources for
which a field result to be crowded at the depth of SDSS-DR12,
DSS2 and USNO-A2/B1 are low-z objects.
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Figure 7. Covering factor of the Lyα emission above S/N > 2
in logarithmic bins around the quasars. To obtain this plot, we
use the same circular apertures used for the profiles extraction
(see section 4.1.2). Given that we are not sensitive to very faint
Lyα emission (SBLyα . 10−18 erg s−1 cm−2 arcsec−2), we show the
data as lower limits: for our whole sample (black) and for the
target with ID 13 (or PKS 1017+109) (red). For reference, the
gray vertical line indicates R = 50 kpc.
morphology, extent, and level of the Lyα emission could be
influenced by the presence of active companions, satellites,
nearby systems and large scale structures (e.g., Cai et al.
2017; Arrigoni Battaia et al. 2018). It has indeed been shown
a tendency for ELANe to be associated with overdensities of
galaxies and QSOs (Hennawi et al. 2015; Cai et al. 2017; Ar-
rigoni Battaia et al. 2018, Arrigoni Battaia et al. in prep.).
In this section we thus report on our attempt to find asso-
ciated compact emitters. Given the depth of our data and
the FOV probed, this analysis is not conclusive but is in-
tended as a first attempt to characterizing the small scale
environment in which our objects reside.
To identify galaxies at the same redshift of the targeted
quasars, we rely on the identification of emission or absorp-
tion lines at the redshift of interest. Specifically, we search for
(i) compact continuum sources with clear line features and
(ii) compact Lyα emitters (LAEs) whose continuum might
have been too faint to be detected in the former case. Thus,
here, we do not attempt to obtain the redshift of continuum
objects with no clear emissions or absorptions as it would be
highly uncertain given the depth of our data. To avoid con-
tamination from the noisy edges of the datacubes, we restrict
this analysis to the central 55′′×55′′ (or 418 kpc ×418 kpc).
More specifically, we proceed as follows. First, we ob-
tained a catalogue of continuum source candidates by run-
ning CubExtractor on the white-light images shown in
Figure 5 with a threshold of 2σ above the background root
mean square and with a minimum detection area of 5 pixels.
Using the segmentation maps produced by CubExtractor,
we have then extracted the 1D spectra for each identified
source from the MUSE datacubes, resulting in an average of
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54 sources per field for a total of 3280 sources. The inspec-
tion of such spectra has been conducted to identify emission
or absorption within ±3000 km s−1 from the systemic red-
shift of each targeted quasars. This large velocity window
should allow us to find systems associated with most of the
quasars and nebulosities even though their current redshifts
significantly differ (see Table 1 and Section 4.1). This search
resulted in the discovery of 11 continuum selected sources
characterized by some line emission close to the location of
expected transitions for the redshift of interest. Apart from
the contamination of six foreground objects with detected
[O ii], or Hδ line emission, we found (i) four active compan-
ions with detected Lyα, and tentative C iv , He ii , and (ii)
one object with only one line emission that we interpreted
as Lyα. In addition, for each field, we look for signatures of
AGN activity for all the continuum-detected sources, iden-
tifying two higher z quasars and one lower z quasar. For all
these sources14, we show their spectra in Appendix C, while
we indicate their positions with the corresponding names on
the NB images in Figure 5, and listed them in Table C2. In
particular, we note that the quasar with the larger number
(2, of which 1 is a type-I) of active companions detected (ID
13 or PKS 1017+109) also presents the more extended and
brightest of the Lyα nebulosities (see Arrigoni Battaia et al.
2018).
The aforementioned analysis however misses all the line
emitters whose faint continua were not detected in the white-
light image. To search for such objects, we run CubExtrac-
tor to select groups of contiguous voxels within the PSF
and continuum subtracted MUSE datacubes. Specifically, we
search for line emitters within a window of ±3000 km s−1.
To avoid contamination from spuriuous sources, we con-
servatively extract candidate sources with a minimum vol-
ume of 50 voxels at S/N ≥ 5, and masking the location
of residuals from stars that would otherwise contaminate
our catalogue. Note that the selected threshold would allow
us to surely detect bright (F > 1.1× 10−17 erg s−1 cm−2)
line emitters associated with the quasars in most of our
fields, if present. We have indeed tested our selection cri-
teria by introducing 100 mock sources with fluxes in the
range (1− 2)× 10−17 erg s−1 cm−2 into the PSF and con-
tinuum subtracted datacube for each targeted field. Each of
the mock sources has a profile defined by a two-dimensional
Gaussian in the spatial direction with FWHM equal to the
estimated seeing (on average FWHM = 1.07 arcsec), and a
Gaussian with FWHM=2.5 A˚ in the spectral direction. As it
is clear from Figure 8, the aforementioned selection criteria
allow us to be, on average, ≥ 80% complete for line fluxes
F > 1.1×10−17 erg s−1 cm−2. Note however that for ten of
our fields, the completeness is ≥ 80% only at higher fluxes
F & 1.3×10−17 erg s−1 cm−2.
Applying this method to the data, we identify an aver-
age of 1 source per field. To avoid the selection of spurious
sources, we have then visually inspected the “optimally ex-
tracted” line flux images, and extracted a 1D spectrum for
14 Two companions (AGN1 and QSO2) and the continuum ob-
ject with Lyα emission (LAE1) have been discovered around the
quasar with ID 13, and already reported in Arrigoni Battaia et al.
(2018). We do not show them again here (the same applies for
LAE2 associated with the same system).
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Figure 8. Results of a completeness test for the detection of
Lyα emitters associated with the targeted systems. The blue
solid line indicates the average recovered fraction, while the blue
shaded region indicates the spread between the maximum and
minimum of the recovered fraction for the individual fields. With
our selection criteria, we are thus ≥ 80 % complete for fluxes
> 1.1×10−17 erg s−1 cm−2.
each of the selected sources. We classify as Lyα emitters
only those compact sources which appear to not have other
emission lines identifiable as e.g. Hα, [O iii], Hβ , [OII]. In
addition, for some fields, our selection criteria identify small
portions of the Lyα nebulosities. We classify such portions
as additional LAEs only when they appear to be compact,
centrally concentrated sources. This last choice, which hap-
pens in 9 cases out of 20 detected portions of nebulae15, has
to be confirmed with additional data targeting the contin-
uum emission of such candidate companions.
Following this procedure, we identify a total of 22 LAEs
when considering all our sample. We list their coordinates,
their redshifts and information on the Lyα line emission in
Appendix C, while we indicate them with their respective
numbers on the NB images shown in Figure 5.
Overall, following our selection criteria, most of our
fields (48) do not show the presence of LAEs down to our
sensitivity limits and apertures used16. If we use the lumi-
nosity function for field LAEs by Cassata et al. 2011 (bin
3 < z < 4.55) and assume a comoving volume of 231 Mpc3
defined by the MUSE FoV and the window of ±3000 km s−1,
we find that we would expect 0.6± 0.3 LAEs per field17. A
15 LAE2 in ID 8 (or UM683); LAE1, LAE2, AGN1 in ID 13 or
(PKS 1017+109); LAE1 and LAE2 in ID 46 (or Q2355+0108);
LAE1 in ID 47 (or 6dF J0032-0414); LAE1 and LAE3 in ID 56
(or TEX1033+137).
16 For the quasar with ID 58 (Q1205-30) we were able to compare
our analysis with NB data reaching the same depth (Fynbo et al.
2000; Appendix C), confirming that there are no LAEs in this
particular field down to out limits.
17 The errors listed for the expected number of LAEs in this para-
MNRAS 000, 1–48 (2018)
30 F. Arrigoni Battaia et al.
similar value, 0.7±0.4, is obtained by adopting the more re-
cent luminosity function of Drake et al. (2017). If we thus
take into account the estimates of the expected number of
LAEs per field (ranging between about 0.3 and 1) and the
fact that we are 80% complete, we obtain a total expected
number of LAEs in the range 24−30, not far from the total
of 22 found18. Therefore, at these luminosities, our quasar
environments seem to be similar to the field, suggesting that
on average quasars do not inhabit the most dense environ-
ments at their redshift (Trainor & Steidel 2012b; Fanidakis
et al. 2013). Nevertheless, the fields with more than one de-
tection are clear outliers, and probably reflect the presence
of underlying overdensities and/or effects of powering mech-
anisms, e.g., chance alignment between the position of the
LAE and the ionization cones of the quasars (e.g., Haiman
& Rees 2001).
Some of the detected LAEs, expecially the one with
high equivalent widths (EWrest > 240 A˚; Cantalupo et al.
2012) might indeed represent candidates for the so-called
“dark galaxies”, i.e. dense pockets of gas fluorescently illu-
minated by the targeted quasars (e.g. Haiman & Rees 2001).
Using the luminosity function from Cantalupo et al. (2012),
who reported candidate LAEs19 around one z ∼ 2.4 hyper-
luminous quasar (bolometric luminosity Lbol > 1047 erg s−1),
we would expect to see 1 LAE per field above our luminos-
ity limit20. Cantalupo et al. (2012) found indeed only 1 LAE
with luminosity high enough to be detected by our observa-
tions, and at a ’MUSE distance’ from the quasar. This LAE
has an exceptional EWrest = 327± 28A˚. Recently, Marino
et al. (2018) also searched for “dark galaxy” candidates with
deep MUSE observations around a sample of 5 QSOs (4 at
z& 3.7 and 1 at z≈ 3.2) and 1 type-II AGN. Unfortunately,
from the unprecise redshifts reported for their LAEs in their
Table 5, we are not able to verify how many LAEs they de-
tected down to our luminosity limit and within our velocity
window for the whole sample. However, we can see that they
detected only 2 LAEs for their 4 QSOs at z& 3.7 matching
our criteria (see their Fig. 7, right panel). Both of these
sources are classified as candidate “dark-galaxies” (see their
Table 3). On the contrary, no bright “dark-galaxy” candi-
dates are reported within ±3000 km s−1 for their z≈ 3.2 QSO
(see their Table 3 and Fig. 4). In our sample, we only have
1 LAE (LAE2 in the SDSS J1209+1138 field; see Table C1)
with an exceptional equivalent width of EWrest > 420 A˚ that
could be considered as a “dark-galaxy” candidate as usually
done in the literature. We conclude that object-to-object
variations can play an important role at these high lumi-
nosities, and within our small field-of-view, explaining the
difference with Cantalupo et al. (2012).
Finally, we stress that the analysis presented in this sec-
tion is inevitably limited in identifying companions within
the Lyα nebulosities themselves, unless they are character-
ized by a brighter emission than the extended Lyα. We
graph encompass the different estimates due to the sensitivity of
each individual field, log(LLyα/[erg s−1]) = 42−42.1.
18 Note that also the 5 objects with continuum detection reported
in this section (4 companions + 1 Lyα emitter) could be classified
as LAE from their Lyα EWrest, summing up to 27 LAEs in total.
19 The LAEs in Cantalupo et al. (2012) are not spectroscopically
confirmed.
20 Note however that not all our quasars are hyper-luminous.
thus do not exclude the presence of faint galaxies embedded
within the extended Lyα emission surrounding each quasar
in our sample.
4.3 Kinematic information from the extended
Lyman-Alpha emission
In this section we present the maps for the flux-weighted ve-
locity centroid and the flux-weigthed velocity dispersion of
the extended Lyα emission calculated as explained in sec-
tion 3.1 (following the same analysis of Borisova et al. 2016).
We reiterate that we do not fit any function to the line pro-
file to avoid neglecting fundamental information on the gas
properties imprinted by the Lyα resonant scattering, which
is likely in play here.
Figure 9 shows the atlas of the 61 maps for the flux-
weighted velocity centroid with respect to zpeakLyα (Ta-
ble 1)21. In agreement with Borisova et al. (2016), the ma-
jority of the maps looks noisy and difficult to interpret as
ordered motions of any kind (rotation, infall, or outflow),
though each nebulosity shows peculiar structures. On the
other hand, the largest and brightest nebula (ID 13) show a
remarkable velocity pattern on hundreds of kiloparsec, with
the furthest portion clearly redshifted. This coherent veloc-
ity pattern has been interpreted as signature of inspiraling
motions within the quasar’s halo (Arrigoni Battaia et al.
2018).
The difference in complexity between the maps of very
extended neulosities and smaller systems could be due to the
resonant nature of the Lyα line which sample more turbulent
regions on scales of tens of kpc. Such small scales around the
quasars are likely more affected by both turbulent motions
due to galaxy formation processes (feedback, interactions)
and the resonant scattering of Lyα photons coming from
the quasar itself (see Section 5.3 for further discussion).
Figure 10 shows the atlas of the 61 maps for the flux-
weighted velocity dispersion. In the bottom left corner of
each image we indicate the average velocity dispersion 〈σLyα 〉
within each nebulosity. We find that the extended Lyα emis-
sion has 〈σLyα 〉 < 400 km s−1 (or FWHM< 940 km s−1) in
all the cases, irrespective of the radio-loudness of the tar-
geted quasars. These estimates are similar to the velocity
widths observed in absorption in the CGM surrounding z∼ 2
quasars (∆v> 300 km s−1; Prochaska & Hennawi 2009; Lau
et al. 2018).
As done in Lau et al. (2018), we can compare these val-
ues with the expected velocity dispersion for a dark matter
halo hosting quasars. In particular, it has been found that
the maximum of the average one-dimensional root-mean-
square (rms) velocity σrms−1D is related to the maximum cir-
cular velocity within a dark matter halo by σ1D =Vmaxcirc /
√
2
(Tormen et al. 1997). If we assume dark matter halos of
MDM ∼ 1012.5 M (White et al. 2012) at z∼ 3, an NFW pro-
file (Navarro et al. 1997) with a concentration parameter of
21 Following the analysis in section 4.1, all the discovered Lyα
nebulosities would appear mainly as red in Figure 9, i.e. as largely
redshifted, if the flux-weighted velocity centroid would have been
calculated with respect to the quasars sytemic redshifts (see Fig-
ure 3 for the velocity shifts).
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c = 3.7 (Dutton & Maccio` 2014), the maximum circular ve-
locity is Vmaxcirc = 360 km s
−1. Hence σrms−1D = 250 km s−1.
The motions within all these Lyα nebulae have thus am-
plitudes consistent with gravitational motions expected in
dark matter halos hosting quasars, with part of the velocity
dispersion likely due to Lyα resonant scattering and instru-
ment resolution (FWHM≈ 2.83A˚ or 170 km s−1 at 5000A˚).
To check for any dependence on the quasar luminosity
and on the strength of the radio emission, in Figure 11 we
plot the average flux-weighted velocity dispersion for each
nebulosity as a function of Mi(z= 2) for each targeted quasar.
On the same plot, we differentiate between objects with mea-
sured radio fluxes and radio-quiet object (red and blue), and
use larger symbols for quasars characterized by stronger ra-
dio emission. It is clear that there are no trends in both
luminosity or radio strengths, confirming that the mecha-
nisms responsible for the broadening of the Lyα line on 50
kpc scales do not depend on these properties for at least
our observed ranges (FRadio < 900 mJy; Mi(z = 2) & −29 for
radio-loud objects, and Mi(z = 2) >−29.7 for radio-quiet).
We note however that the relatively quiescent Lyα
nebulosities around all the 15 radio-loud quasars in our
sample run counter to the two radio-loud systems with
σ > 425 km s−1 (or FWHM> 1000 km s−1) showed by
Borisova et al. (2016). Specifically, the two radio-loud ob-
jects in Borisova et al. (2016), PKS 1937-101 and QB 2000-
330, have a peak flux at 1.4 Ghz of 838.8± 25.2 mJy and
446.8±15.7 mJy (Condon et al. 1998), and a magnitude of
Mi(z = 2) = −30.35 and −29.77, respectively. Even though
we have in our sample quasars as strong in radio emission as
these two, i.e. ID 49 and 54 (> 700 mJy), our quasars are 2.4
magnitudes fainter and show 〈σLyα 〉= 221, and 287 km s−1
(or FWHM = 519, and 647 km s−1). This difference thus sug-
gests that – if an outflow is present in the radio-loud systems
– (i) the winds are driven by the radiative output of the AGN
rather than by a jet, and/or (ii) the coupling between the
Lyα emitting gas on large scales (tens of kpc) and an outflow
is more effective around more luminous AGN, and/or (iii)
more luminous radio-loud AGN are able to sustain coherent
winds (or jets) for longer timescales.
It is interesting to note that also in the radio-quiet popu-
lation there can be extended Lyα nebulosities showing broad
emission. In particular, Borisova et al. (2016) showed one
radio-quiet quasar in their sample, J0124+0044 (z=3.783),
with broad extended Lyα emission. The statistics from our
work together with Borisova et al. (2016) suggests a very
low rate, 1 out of 56 (39+17), which seems to not depend
on the current quasar luminosity22. We further discuss these
rare broad extended Lyα nebulosities (for both radio-quiet
and radio-loud systems) in Section 5.4.
4.4 Spectral shape and asymmetry of the
extended Lyman-Alpha emission
As the Lyα photons are expected to experience frequency
excursions in the scattering process (Dijkstra 2017 and ref-
erences therein), and the resulting change in frequency de-
pends both on local and unrelated structures, the shape
22 The object in Borisova et al. (2016) with broad Lyα emission
has Mi(z = 2) =−28.98
of the Lyα line can be fundamental in understanding the
astrophyiscs of the studied system, e.g. presence of in-
flows/outflows (e.g., Laursen et al. 2009), absorption from
the foreground IGM. For this reason, it is particular impor-
tant to quantify the asymmetries of the Lyα line profile,
and/or the presence of different peaks (e.g., Gronke & Dijk-
stra 2016).
Unfortunately, our data lack the necessary sensitivity
to clearly assess the presence of asymmetric wings in the
line profile. This has been indeed tested by calculating the
third moment of the flux distribution for the extended Lyα
emission as done for the smaller moments, leading to poorly
constrained and inconclusive values. By averaging over the
whole nebulae we could achieve higher sensitivity, but we
would complicatedly mix, and washed out the low S/N fea-
tures we are looking for.
In addition, we do not detect clear double-peaks profile
– expected in the case of optically thick gas (e.g., Neufeld
1990) – in any of the discovered Lyα nebulosities. How-
ever, this result may be driven by the spectral resolution of
MUSE at these wavelengths (FWHM≈ 2.83A˚ or 170 km s−1
at 5000).
Therefore, for this kind of detailed analysis, we would
need a dataset with a much higher S/N for the wings of
the Lyα emission, and with higher spectral resolution. Now
that the level of the Lyα emission is known, we can plan
such experiments.
5 DISCUSSION
From the analysis presented in the previous sections, it is
clear that we have detected extended Lyα emission on tens
of kpc scales around each of the targeted quasars. In this
section we discuss some of the implications of the observa-
tions presented in this work, relying only on the information
coming from the Lyα emission. In future studies, we will
revisit these points with the use of additional diagnostics.
5.1 Small detection rate for Enormous
Lyman-Alpha Nebulae
Recent observations have shown the existence of Enormous
Lyman-Alpha Nebulae (ELAN; Cantalupo et al. 2014; Hen-
nawi et al. 2015; Cai et al. 2017) extending for hundreds
of kiloparsecs around z∼ 2 quasars, with SBLyα ∼ 10−17 erg
s−1 cm−2 arcsec−2. Current statistics suggest that the ELAN
are very rare structures which are found around a few per-
cent of the targeted radio-quiet quasars at z∼ 2 (Hennawi &
Prochaska 2013; Hennawi et al. 2015). One of the aim of the
QSO MUSEUM survey, together with on-going efforts (e.g.,
Cai et al. 2018), is to better characterize the frequency of
this phenomenon, and understand why these nebulae are so
uncommon (e.g., presence of companions, halo mass, illumi-
nation).
Thanks to our QSO MUSEUM survey, and the previ-
ous work of Borisova et al. (2016), we have now amassed
a sample of 80 (61+ 19) quasars at z ∼ 3 down to SBlimit ∼
few×10−18erg s−1 cm−2 arcsec−2. Of all these quasars, only
one object shows the extreme observed surface brightnesses
and extents found in the ELAN at z ∼ 2, i.e. the ID 13 in
this work or PKS 1017+109. All the other nebulosities show
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Figure 9. Atlas of the 61 maps for the flux-weigthed velocity cendroid of the Lyα emission around the quasars in the QSO MUSEUM
sample. The flux-weighted centroid is calculated as first moment of the flux distribution with respect to the peak of the Lyα emission of
each nebulosity zpeakLyα (Table 1). Each image is presented on the same scale of Figure 1, 30′′×30′′ (or about 230 kpc ×230 kpc), even
though we use only the information within the extracted 3D-masks to compute these “velocity maps” (see Section 3.1). In each image
the white crosshair indicates the position of the quasar prior to PSF subtraction. A cyan diamond in the bottom-left corner indicates
that the quasar is radio-loud. The detected extended Lyα emission shows complex and noisy maps on tens of kiloparsecs, while more
coherent patterns on larger scales (see ID 13).
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Figure 10. Atlas of the 61 maps for the flux-weigthed velocity dispersion of the Lyα emission around the quasars in the QSO MUSEUM
sample. The velocity dispersion is calculated as second moment of the flux distribution. Each image is presented on the same scale of
Figure 1, 30′′×30′′ (or about 230 kpc ×230 kpc), even though we use only the information within the extracted 3D-masks to compute these
“velocity-dispersion maps”(see Section 3.1). In each image the white crosshair indicates the position of the quasar prior to PSF subtraction.
A cyan diamond in the top-left corner indicates that the quasar is radio-loud. We indicate in the bottom-left corner of each image the
average velocity dispersion 〈σLyα 〉 for each map. The extended Lyα nebulae show an average velocity dispersion 〈σLyα 〉< 400 km s−1 (or
FWHM< 940 km s−1), irrespective of the radio-loudness of the targeted quasars.
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Figure 11. Plot of the average flux weighted velocity dispersion
〈σLyα 〉 of each Lyα nebulosity versus the absolute i-band magni-
tude normalized at z= 2, Mi(z= 2), using Ross et al. (2013). We in-
dicate in blue the radio-quiet systems, while in red the radio-loud
objects. The size of the symbol for the radio-loud objects sym-
bolizes the flux listed in Table 1, i.e. larger symbols mean larger
fluxes following the relation sizeradio = sizequiet +5× log(FRadio). The
crosses indicates the objects for which we do not have information
on their radio flux. The average flux-weighted velocity dipersion
do not depend on the current quasar luminosity or strength of
radio emission.
lower levels of Lyα emission or extends only to much smaller
distances from the central quasar down to the same SB limits
(see Figure 4). The ELAN around the quasar PKS 1017+109
has been studied in detail in Arrigoni Battaia et al. (2018),
where we have indicated the common peculiarities with the
other ELAN discovered at z ∼ 2, with particular emphasis
on the identification of active companions in their surround-
ings.
It has been proposed that the higher SBLyα in these
ELAN traces patches with higher volume densities than the
average population at both redshifts (Hennawi et al. 2015;
Arrigoni Battaia et al. 2016) and/or gas reprocessing the
additional contribution to the ionizing radiation from the
active companions (Arrigoni Battaia et al. 2018) in the en-
vironment of ELAN. The higher density patches could be
due to substructures interacting with the main halo hosting
the targeted quasars (Arrigoni Battaia et al. 2018).
Further, to clarify how easy it is to detect ELAN with
current facilities and how a detected Lyα nebulosity around
a quasar could “grow” with longer integration times, in Fig-
ure 12 we show the histogram of the area spanned by each of
the Lyα nebulosities in our sample for different S/N detec-
tion threshold (the different colors). For each histogram, we
indicate the position of the nebula around the quasar with
ID 13, or PKS 1017+109 (Arrigoni Battaia et al. 2018). It
is clear that ELAN are clearly visible as extended objects
even with shorter integration times than used here, as the
area for S/N = 10 is already > 200 arcsec2 for ID 13. In
the same figure, an additional x-axis indicates the corre-
sponding radius for a circular nebula with the same area,
i.e. R =
√
(Area/pi). Even with the threshold of S/N = 10
this ELAN has R> 60 kpc.
The plot in the inset of Figure 12 shows how the area
grows for each nebulosity as a function of S/N with respect
to the area for S/N = 10. In the same plot, we color coded
the line for each Lyα nebula depending on the final observed
area for S/N = 2. This plot shows that the nebulae with
the larger sizes (lines with lighter colors) do not increment
their extent as fast as smaller nebulae if deeper observations
are conducted. This occurrence could reflect the different
scales probed by the different nebulae. Indeed, while small
Lyα nebulae most probably trace the gas within the central
portion of the dark matter halo hosting a quasar, nebulae
with 100 kpc sizes start to probe IGM regions where the
densities are expected to be lower. This has been also the
case for the nebula around UM 287 (Cantalupo et al. 2014),
which was detected after only 20 minutes of NB imaging with
the Low Resolution Spectrograph (LRIS; Oke et al. 1995)
instrument on the Keck telescope. The size of the nebula
did not increase significantly with the total observing time
acquired in those observations of ∼ 10 hours.
If the relation for the large nebulosities shown in the
inset of Figure 12 holds for even larger areas, one would need
to increase the S/N by a factor of 8 to roughly double the
detected area. This would then require additional ∼ 64 hours
on a previously detected 200 arcsec2 Lyα nebula in data
as deep as our survey. However, the characteristics of the
powering mechanisms and the volume density of the gas can
both change on larger scales, most probably requiring longer
integration times to detect the IGM.
5.2 Is there a redshift evolution of extended
Lyman-Alpha emission around quasars?
As anticipated in Section 4.1.3 and shown in Figure 6,
the current observations of Lyα halos around radio-quiet
quasars hint to a clear difference between the z ∼ 3 and
z∼ 2 population. Indeed, the Lyα emission seems to be much
stronger at z ∼ 3 than at z ∼ 2, maybe suggesting a larger
mass in the cool (T ∼ 104 K) phase of the CGM at z∼ 3 than
at z∼ 2 (Mcool> 1010 M; Prochaska et al. 2013a, 2014). Here
we investigate this hypothesis.
To further check the presence of a redshift evolution, we
split our large sample of radio-quiet quasars into two redshift
bins, and look for any trend that would confirm the strong
difference between z∼ 2 and z∼ 3. Given the large uncertain-
ties on the systemic redshift of our sample (see Section 3.2),
we built the two redshift bins by maximizing the number
of objects in each bin, while excluding quasars whose red-
shift is so uncertain that they could sit in the other bin both
because of the uncertainty on the systemic redshift zsystemic,
and/or the difference in redshift between the Lyα nebula
zpeakLyα and zsystemic. We find that a cut zpeakLyα < 3.191 and
zpeakLyα > 3.229 satisfies our conservative criteria, resulting
in two almost equally populated subsamples of 17 and 18 ob-
jects each, respectively. The selected quasars cannot change
their bin even with a 3σ deviation from their current red-
shift. The median redshift for the two samples is zlow = 3.114,
and zhigh = 3.336. Such a redshift difference corresponds to
about 0.15 Gyr in the standard cosmology assumed in this
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Figure 12. Histogram of the variation of the area for each Lyα nebulosity for different S/N thresholds (different colors as indicated in
the legend). The ELAN discovered in QSO MUSEUM is indicated with arrows. The plot in the inset shows the logarithmic variation of
the area (normalized to the area for S/N = 10) of the Lyα nebulae with respect to the S/N threshold. In this plot, we color-coded the
lines for each nebula following the area for S/N = 2 as listed in Table 3. This plot clearly state that ELAN can be detected with very fast
integrations with current facilities. Smaller Lyα nebulae have the potentiality of “growing” faster than ELAN when the exposure time is
increased, probably reflecting the different scales sampled (CGM vs CGM+IGM).
work. For each bin, we then computed the average profile as
performed in Section 4.1.3.
The left panel in Figure 13 shows the comparison of
the average surface brightness profiles for the two redshift
bins with the profile for the whole sample, and the profile at
z' 2.25 (Arrigoni Battaia et al. 2016) after correcting all for
the SB dimming. A difference between the higher and the
lower redshift bin is evident, with the lower-z profile being
always below the data-points for higher-z. The average ratio
between the data-points for the two subsamples is 1.5±0.1,
while the profile for z' 2.25 is a factor of about 17±8 lower
(two central points) with respect to the lower-z subsample.
These differences are thus significant given the estimated
uncertainties.
What is the cause of such strong variations? We first
explore the possibility that such differences are due to the
cosmological evolution of densities and scales. Mas-Ribas &
Hennawi (2018) investigated the redshift scaling of a low
SB signal in the case of electron-scattering around quasars.
They show that the cosmological evolution of densities and
scales cancel out the cosmological effect of surface brightness
dimming (1+ z)−4 in their particular case. Here, we perform
a similar calculation, but in the case of Lyα emission from
gas clouds that are optically thin to Lyman continuum pho-
tons (neutral Hydrogen column density NHI 1017.2 cm−2).
This emission scenario is indeed the most favored scenario
for extended Lyα emission around AGN (e.g., Heckman
et al. 1991a; Arrigoni Battaia et al. 2015, 2016; Cai et al.
2017; see also discussions in Hennawi & Prochaska 2013;
Cantalupo et al. 2014).
Following the formalism in Hennawi & Prochaska
(2013), the observed Lyα surface brightness in an opti-
cally thin scenario scales as SBLyα ∝ (1+ z)−4nHNH, where
nH is the Hydrogen volume density, and NH is the Hydro-
gen total column density. It can be shown that NH ∝ nHRvir
(see e.g. equation 2 in Hennawi & Prochaska 2013), where
Rvir is the virial radius of the quasars’ halo, Rvir ≡ R200 =
[3Mhalo/(800piρcrit(z))]1/3 23. To compute the dependence
with redshift we thus need an estimate of the quasars’ halo
mass at the redshifts of interest. The current consensus in
the literature indicates that quasars at z∼ 2 and z∼ 3 inhab-
its dark-matter halos with similar masses (Mhalo = 1012.5 M)
independent of their luminosities, though with large uncer-
tainties (e.g., da Aˆngela et al. 2008; Kim & Croft 2008;
White et al. 2012; Trainor & Steidel 2012a ). If we then
assume the same halo mass for the different redshifts, Rvir
changes only because of the evolution of the critical den-
sity ρcrit(z), thus increasing by a factor (1+z) towards lower
redshifts. Therefore, because the cosmological evolution sets
nH ∝ (1+ z)3, and NH ∝ nHRvir ∝ (1+ z)2, we find an overall
scaling of SBLyα ∝ (1+ z) or SB
nodimming
Lyα ∝ (1+ z)
5 when tak-
ing out the factor for the SB dimming as in Figure 13. If
the changes in the Lyα profiles were caused simply by the
cosmological evolution of density and scales, we would thus
expect a ratio of 1.3 and 3, respectively between the two
subsamples at z ∼ 3, and between z ' 2.25 and the lower-z
subsample. These values differ with the aforementioned ob-
served ratios (1.5±0.1 and 17±8), suggesting that the profile
evolution is much stronger than expected from the cosmo-
logical density evolution. This result matches well with the
high densities (nH > 1 cm−3) invoked to explain the levels
of the observed Lyα emission (Heckman et al. 1991a; Can-
talupo et al. 2014; Arrigoni Battaia et al. 2015; Hennawi
et al. 2015). Such a high density gas most likely does not
trace the evolution of the cosmic mean density.
We then focus on physical processes that could act on
CGM scales. To have a better handle on the profiles evolu-
tion on such scales, we plot the SB values with respect to
23 Here we use as virial radius the radius R200 at which the average
density of a matter overdensity is 200 times the cosmic mean
density.
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Figure 13. Redshift evolution of Lyα emission around quasars. Left panel: we show the average profile for the whole sample (large blue;
61 targets), the radio-quiet lower-z subsample (small dark-green diamond; 17 quasars), and radio-quiet higher-z subsample (small brown
squares; 18 quasars) after correcting the SB for the cosmological dimming and using comoving units for the radii. For each profile, open
symbols indicate negative datapoints. We compare our dataset with the average profile for z ' 2.25 quasars by Arrigoni Battaia et al.
(2016). Right panel: the average SB profiles presented in the left panel are now plotted with respect to the proper radius normalized
to the virial radius Rvir = [3Mhalo/(800piρcrit(z))]1/3 expected for halos hosting quasars at these redshifts (see Section 5.2 for details). We
show the best exponential fit to the two subsamples (colored dashed lines). Using the ratio between the parameters of these two fits we
predict the evolution for lower-redshifts in steps of about 0.15 Gyr (dotted lines). The thicker dotted line corresponds to about 1.05 Gyr,
the difference between the higher-z subsample and z' 2.25. For reference, the gray vertical line indicates 1 Rvir. Our observations thus
suggest a clear evolutionary trend (see Section 5.2 for discussion).
Table 5. Exponential fit of the Lyα surface brightness profiles of
the two radio-quiet subsamples after correction for SB dimming
and normalization of physical distance with Rvir (right panel in
Figure 13).
Sample # 〈zLyα 〉 C ae x ah χ2 be
(10−14)
Higher-zc 18 3.336 1.95 0.16 7.1
Lower-zc 17 3.114 1.36 0.15 0.3
a Best-fit parameters assuming SB profile SB(x) =Ceexp(−x/xh), where
x = R/Rvir. Ce is in unit of 10−14 erg s−2 cm−2 arcsec−2. Note that the SB has
been multiplied by (1+ z)4 before the fit (Figure 13).
b Reduced chi square for the exponential fit.
c Both subsamples include only radio-quiet quasars (see Section 5.2 for
details on the selection).
the physical distance normalized to the virial radius of the
quasars’ halo at each redshift, Rvir. As previously done, we
assumed the same halo mass for the redshift subsamples,
finding Rz∼2vir ' 130 kpc and Rz∼3vir ' 100 kpc, respectively for
z ' 2.25 and z ∼ 3. The right panel of Figure 13 shows this
test. At z∼ 3 the exponential behavior of the SB profiles now
seems to well describe the presence of emitting gas within a
halo of radius Rvir, with a consequent dimming of the Lyα
emission at larger distances. At z∼ 2 the Lyα emission seems
instead more concentrated in the central portion of the ha-
los, with tentative indications of a fainter signal at larger
separations.
To quantitatively constrain the difference between pro-
files and check if there is any relation between their shapes,
we proceed as follows. First, we fit the two subsamples at
z ∼ 3 with an exponential function SB(x) = Ceexp(−x/xh)
(colored dashed lines in Figure 13 and Table 5). Being
≈ 0.15 Gyr one from the other, the ratio between the pa-
rameters of these profiles (Ce and xh) could define a trend
for the evolution towards lower-z. We then construct other
exponential functions by using such ratios (thus in steps of
0.15 Gyr; dotted lines in the right panel of Figure 13). A
profile at z = 2.25 should be at 1.05 Gyr (or about 7 steps;
thicker dotted line) from the profile of the higher-z sample.
Surprisingly we find the datapoints of Arrigoni Battaia et al.
(2016) at this location. Figure 13 thus shows a striking agree-
ment between the profile reported by Arrigoni Battaia et al.
(2016) and the predictions based on z ∼ 3. The difference
we detect for the subsamples at z ∼ 3 is then possibly due
to the same physical mechanism(s) that cause the difference
between z∼ 3 and z∼ 2, and these most likely act on CGM
scales.
Given the currently favored optically thin scenario for
the Lyα emission, the abrupt decrease in SBLyα – which
follows SBLyα ∝ nHNH – could be due to a strong variation
in nH and/or NH. We have shown however that variations
in densities have to be larger than the cosmological density
evolution, making it unlikely that only variations in nH are
responsible for the differences between z∼ 2 and z∼ 3. Vari-
ations in NH – or in other words in the mass of the cool
optically thin gas phase within the CGM, Mcool ∝ NH (e.g.,
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Hennawi & Prochaska 2013) – are thus a more plausible ex-
planation.
Intriguingly, theoretical works have predicted just such
a scenario for halos with masses above the critical halo mass
for shock stability Mshock ' 1012 M (roughly constant with
redshift; Dekel & Birnboim 2006; Dekel et al. 2009). As men-
tioned above, the quasars here studied should be indeed in
this regime. In this theoretical framework, if Mhalo >Mshock
there are two possible scenarios for the CGM: i) the presence
of cool streams embedded in a hot phase, and ii) the preva-
lence of the hot phase. The smooth transition between these
two scenarios, or the maximum halo mass for cold streams, is
a function of redshift, and is set by the shock stability crite-
rion for the cool streams to balance the virial shock-heating
(see Section 4.3 in Dekel & Birnboim 2006). At the quasar’s
halo mass at z∼ 2 and z∼ 3, Mhalo = 1012.5 M, the threshold
between the two scenarios is at z = 2 (see Figure 7 in Dekel
& Birnboim 2006). As one expects a smooth transition from
the presence of cool streams to their absence, we conclude
that the observed decrease in Lyα emission around quasars
from z∼ 3 to z∼ 2 could be due to this phenomenon, namely
the inability of cool dense gas to survive the shock-heating
process in similarly massive halos at lower z. It is impor-
tant to stress that this scenario would hold for any powering
mechanism for the Lyα emission (see Section 5.3). In other
words, a decrease with redshift in the mass of the cool gas
component within the CGM would result in a decrease of
the level of Lyα emission.
Finally, our result could be linked to the evolution of
the space density of bright quasars as a function of redshift
(e.g., Richards et al. 2006). It has been shown indeed that
the space density of quasars steadily increases from z = 5
to lower redshifts, peaking between redshift z = 2 and z = 3.
After this peak, the space density drops significantly, reach-
ing at z = 1 roughly the same value of z = 5 (e.g., Figure 20
in Richards et al. 2006). This trend, together with the level
of star-formation of the quasars’ hosts, could be related to
the drastic changes within the quasars CGM which we start
to witness. If the cool phase within the CGM cannot be re-
plenished by infalling gas from the IGM or from the trans-
formation of hot gas into cool gas within the CGM, the mass
of cool CGM gas would thus drastically decrease, probably
preventing future episodes of quasar activity as this gas is
also the fuel for the high star-formation rates estimated for
quasars’ hosts (e.g., Rosario et al. 2013). This scenario finds
additional confirmation in the fact that the IGM becomes
more tenuous at lower redshift (e.g., Dave´ et al. 2010; Mc-
Quinn 2016), and the halo gas is expected to warm up while
structure evolution progresses (e.g., Dekel & Birnboim 2006;
van de Voort et al. 2011).
We stress again that our result is based on heteroge-
neous techniques and thus requires a confirmation with cur-
rent IFU instruments at z∼ 2 (e.g. KCWI) and higher red-
shifts. Sensitive current facilities, such as MUSE and KCWI,
will allow us to tackle these hypothesis with statistical and
homogeneous samples, painting a clear picture for the evo-
lution of the cool gas phase around quasars across cosmic
time.
5.3 What is the combination of mechanisms
powering the Lyman-alpha emission?
To better understand the astrophysics of the Lyα emitting
gas, it is key to determine the primary mechanism (or con-
strain the combination of mechanisms) which power the ob-
served Lyα luminosities. While studying LABs, i.e. Lyα neb-
ulae with area> 16 arcsec2 and LLyα ∼ 1043−1044 erg s−1 at
z ∼ 2− 6, several studies have usually invoked four mecha-
nisms to power the extended Lyα emission: (i) shocks pow-
ered by outflows (e.g., Mori et al. 2004), (ii) Lyα collisional
excitation or so called gravitational cooling radiation (e.g.,
Haiman et al. 2000; Rosdahl & Blaizot 2012), (iii) photoion-
ization by a central AGN or star-formation (e.g., Overzier
et al. 2013; Prescott et al. 2015), (iv) resonant scattering of
Lyα photons from embedded sources (e.g., Dijkstra & Loeb
2008). In addition, when the Lyα emission encompasses very
large scales and radio-loud objects are within the sample, ad-
ditional processes could inevitably affect the observed levels,
e.g., presence of multiple active sources, shocks from radio
jets. All of these processes may contribute together to the ob-
served Lyα emission, but due to the complexity to simulate
them simultaneously, they are usually assessed individually.
Given the similar levels of Lyα emission of LABs and the
nebulosities around quasars, we here consider in turn all the
aforementioned processes.
As anticipated in Section 4.3, the relatively quiescent
(〈σLyα 〉 < 400 km s−1) Lyα line of the discovered nebulosi-
ties seems to be consistent with gravitational motions within
the massive halos currently expected to host quasars. These
large-scale nebulosities are thus unlikely powered by very
fast outflows driven by the quasar (vs > 1000 km s−1). Due
to our spatial resolution and to our analysis technique, we
cannot however rule out the presence of winds on smaller
scales (few kpc). Such small-scale winds could act as addi-
tional sources of ionizing photons (FUV ∝ v3s ; e.g., Allen et al.
2008), and thus contribute to power the Lyα emission on
large scales through the recombination channel. In addition,
especially in the case of radio-loud objects, a collimated jet
may be responsible for part of the emission. As stated in
Section 4.3, we do not find evidences for violent kinemat-
ics in radio-loud objects. However, in Appendix B we show
that the extended Lyα emission for the radio-loud objects
with detections from the FIRST survey (spatial resolution
of 5 arcsec) matches well the extent of the detected radio
emission. This occurrence probably reveals a link between
the Lyα emission and the synchrotron radiation usually in-
voked to explain the radio data (see e.g. van Ojik et al. 1996;
Miley & De Breuck 2008 for the alignment seen in HzRGs).
Further, it has been routinely shown that collisional ex-
citation of the Lyα line would require a fine tuning between
the density and the temperature of the gas to reproduce
the observations (e.g., Dijkstra & Loeb 2009). This is due to
the exponential dependence on temperature of the collisional
excitation coefficient and, being a collisional process, to the
dependence on density squared in the ionized case. Thus, as
it has been stressed previously in the case of Lyα nebulae
(e.g., Borisova et al. 2016), collisional excitation seems to
be unlikely the dominant mechanism when strong ionizing
sources are present.
Indeed, the only requirement for a photoionization sce-
nario (by the quasar or other ionizing sources) is at least a
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partial illumination of the cool emitting gas by the targeted
AGN. As explained in Hennawi & Prochaska (2013), we can
solve for two limiting regimes in the case of photoionization
from a source with ionizing luminosity LνLL . In the first case,
the source or the level of radiation is not strong enough to
highly ionize the gas, allowing a large fraction of neutral Hy-
drogen to be present, i.e. the gas is optically thick to Lyman
continuum photons (NHI 1017.2 cm−2). In this approxima-
tion the cool gas will behave like a ‘mirror’, converting a
portion of the impinging ionizing radiation into Lyα emis-
sion. The SB thus follows the relation SBLyα ∝ LνLL . In the
second case instead, the source of radiation is bright enough
to keep the gas highly ionized, i.e. the gas is optically thin
to Lyman continuum photons (NHI  1017.2 cm−2). In this
regime, as anticipate in Section 5.2, it can be shown that
SBLyα ∝ nHNH. Therefore, in the optically thin regime, the
observed surface brightness should not depend on the lu-
minosity of the targeted quasars, but only on the physical
properties of the gas, i.e., the volume density nH, and the
column density NH.
In addition, if there is enough neutral Hydrogen (i.e. the
gas is optically thick in the Lyα transition, NHI& 1014 cm−2),
the resonant scattering of Lyα photons emitted by the cen-
tral AGN or embedded sources could be a viable process
to produce extended Lyα emission (e.g., Dijkstra 2017, and
references therein). In this case, the Lyα emission on large
scales is due to a ‘random walk’ in frequency and in space
of centrally produced Lyα photons. This process is caused
by the absorption and consequent re-emission of photons by
neutral hydrogen atoms in the quasar CGM. If scattering of
Lyα photons from the quasar is the main powering mecha-
nism, we would thus expect the observed SBLya to be pro-
portional to the Lyα emitted by the quasar, SBLyα ∝ L
QSO
Lyα .
On top of this, LQSOLyα is expected to increase with increas-
ing quasar’s LνLL . We show this trend in Figure 14 where we
plot the peak Lyα luminosity of each quasar LpeakLyα;QSO against
their absolute i-mag normalized at z = 2. The first quantity
has been calculated by considering the maximum at the Lyα
transition of the quasar’s spectra shown in Figure 2. In this
plot we indicate the radio-loudness of our targets (red and
blue) and we associate a green circle to each data-point. This
green circle indicates the product of the area of each nebulos-
ity and the distance between the center of the nebulosity and
the targeted quasars as defined in section 4.1.1. The data in
Figure 14 appear to be slightly correlated but a linear regres-
sion through the datapoints resulted in a Pearson correlation
coefficient of rPCC = 0.4, which is not statistically meaning-
ful. We however overlay in the figure the obtained fit to the
data, LpeakLyα;QSO/(10
31 erg s Hz−1) = 12.376×10−(Mi(z=2)+27)/2.5
(black solid line), together with the 1 rms distance from the
fit (dahsed lines).
The aforementioned last three cases, namely photoion-
ization of optically thick or thin gas, and resonant scattering
are thus closely related, difficult to disentangle, and possi-
bly present simultaneously. However, if any of these mecha-
nisms plays a dominant role in the production of extended
Lyα around quasars with no effect from the other mecha-
nisms, it should naively imprint a well defined dependence
in the observed Lyα levels as explained previously. We have
thus explored our data to find any of the aforementioned
relations for the SBLyα . In particular, we checked for varia-
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Figure 14. Plot of the peak Lyα luminosity of the targeted
quasars LpeakLyα;QSO versus their absolute i-mag normalized at z = 2,
Mi(z = 2). As done in Figure 11, we indicate in blue the radio-
quiet systems, while in red the radio-loud objects (larger sizes =
larger FRadio). The crosses indicate the objects for which we do not
have information on their radio flux. The green circles are drawn
for all the objects and their sizes indicates a product of the area
of the nebulosities and of the distance between the center of the
nebulosities and the targeted quasars (see Figure 4). The solid
and dashed black lines show a linear fit to the data and the 1 rms
distance from the fit, respectively (see Section 5.3 for details).
tion of the average SBLyα with current ionizing luminosity,
and with the peak Lyα luminosity of the targeted quasars
LpeakLyα;QSO. In addition, we have also looked for any depen-
dence for the peak of the Lyα emission from the nebulosi-
ties LpeakLyα;Neb against the same quantities. Consistently with
LpeakLyα;QSO, we have computed the peak of the Lyα emission
of the nebulosities using the spectra shown in Figure 2.
Figure 15 shows this test. The two left panels of this
figure reveal that there is no clear dependence on the quasar
luminosity (spanning roughly three magnitudes) for both the
SBLyα and for L
peak
Lyα;Neb, with a consistent number of the neb-
ulosities sitting at similar values around ∼ 0.4×10−17 erg s−1
cm−2 arcsec−2 and ∼ 0.8×1031 erg s−1 Hz−1, respectively for
SBLyα and L
peak
Lyα;Neb. Given the absence of any dependence
with quasar luminosity, this occurrence seems to rule out a
fully optically thick regime for the Lyα emitting gas, while
hints to the possibility of this gas being optically thin to the
ionizing radiation. This is usually found to be indeed the
case if one assumes the quasar to shine on gas at distances
comparable with halo scales (hundreds of kpc; Arrigoni Bat-
taia et al. 2015, 2018). The nebulosities however are charac-
terized by a wide scatter around the aforementioned values,
especially for SBLyα , indicating that other processes proba-
bly drive the level of the Lyα emission.
The two right panels of Figure 15 show our test for the
dependence of the Lyα emission of the nebula (peak and
average) with respect to the Lyα luminosity of the quasars,
and thus probe a pure scattering scenario. In an attempt to
verify the presence of a linear correlation within the dataset,
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we have performed a linear fit to the data and calculated
the Pearson correlation coefficient rPCC. For both plots,
we do not find any strong correlation, with rPCC = 0.2 and
rPCC = 0.3 for the upper right panel and lower right panel
respectively. For completeness, we indicate in the plots
our linear fits which resulted to be LpeakLyα;Neb = 0.02121×
1031(LpeakLyα;QSO/10
31[erg s−1 Hz−1]) erg s−1 Hz−1, and
SBNebulaLyα = 0.00891 × 10−17(LpeakLyα;QSO/1031[erg s−1 Hz−1])erg
s−1 cm−2 arcsec−2. On the same plots, we also indicate the
1 rms distance from the fits with the dashed lines. The ab-
sence of clear correlations could indicate that the resonant
scattering of Lyα photons is not a dominant mechanism in
shaping the emission from the discovered nebulosities on the
full scales encompassed by the 2σ isophote used to calculate
the SBLyα for each nebula. This can be due by the fact that
(i) additional powering mechanisms (i.e. recombination)
and/or (ii) the variability of the quasar luminosity (e.g.,
Peterson et al. 2004) could have washed out a clearer
dependance. The two right panels of Figure 15 and the
quality of the PSF subtraction on small scales (∼ 10 kpc)
prevent us to probe the presence of a tighter relation at
smaller scales. However, a signature of the relation between
the Lyα emitted by the quasar and each Lyα nebula could
be represented by the small velocity difference between
the quasar Lyα and the nebulae themselves shown in
section 4.1. Indeed this small difference in velocity could
reflect that the Lyα emission from the quasar and the
peak of the nebula (always at small projected separation
from the quasar) follow the same path of least resistance to
escape the system in the scattering process. It is important
to stress that – if resonant scattering is the only mechanism
in play – only a very small fraction of the Lyα emission
produced by the central quasar is needed to match the total
Lyα emission observed in the detected extended nebulae,
i.e., the Lyα luminosity of a nebula is ≈ 3% of the peak
of the Lyα emission of the quasar (average of our whole
sample).
Finally, as done in Figure 14, in Figure 15 we asso-
ciate a green circle to each data-point to indicate the ex-
tent and spatial asymmetry of each nebulosity. By looking
at these datapoints, we do not find any correlation between
the quasar ionizing luminosity and Lyα emission and the
size/spatial asymmetry of the nebulae.
Summarizing, the current data at the Lyα line location
suggest a scenario in which the Lyα emission is powered by
a combination of photoionization of relatively optically thin
gas, and resonant scattering. In addition, we cannot rule out
a contribution from small-scales winds or jets in ionizing the
surrounding gas distribution. We will investigate the pow-
ering mechanisms in a future work focused on additional
diagnostics covered by our observations.
5.4 Insights on the observability of fast AGN
winds on large scales
Our study, together with Borisova et al. (2016), has shown
that we can routinely detect Lyα nebulosities for tens of
kpc with fast MUSE observations, and we have argued in
Section 5.3 that these nebulosities are likely powered by a
combination of mechanisms dominated by the radiation of
the central quasar. As already noticed in Section 4.3, the
same samples result in only 1 broad Lyα nebulosity around
a radio-quiet quasar out of 56 (17+39), and only 2 out of 17
(15+2) for radio-loud objects. If the broad Lyα emission is
a signature of AGN winds on large scales (tens of kpc), these
observations suggest a low probability of detecting them out
to 50 kpc, i.e. 2% and 12%, respectively for the radio-quiet
and radio-loud samples.
Such low probabilities could reflect i) a bad coupling
between a relatively hot wind and the cool gas phase and/or
ii) that winds do not emit Lyα emission or emit Lyα at much
fainter levels than here probed, and/or iii) the difficulties
to propagate coherent winds on large scales (tens of kpc)
for long period of times24 by the observed stochastic and
episodic AGN winds generated on much smaller scales (e.g.,
King & Pounds 2015).
The first two options seem quite unlikely given that fast
winds (with shifts and line widths > 1000 km s−1) on scales
of tens of kpc have been reported also in cold tracers around
quasars (e.g., [C ii] 158 µm; Cicone et al. 2015), and the
shock front should behave like a quite hard ionizing source,
thus powering strong Lyα emission (e.g., Allen et al. 2008).
Our snapshot observations could however be missing a broad
and diffuse Lyα component.
Regarding the propagation of winds on large scales, in
addition to the uncertainties in the triggering of a sustained
wind, we would expect a lag between the light propagation
from the quasar and the wind propagation due to the dif-
ferent times at which they probably switch on, and at the
different speeds (light vs shock). This lag could be the cause
of the observed low probabilities. Indeed, young quasars or
quasars with an inefficient propagation of the wind would
be characterized by a quiescent Lyα nebula (due to the
quasar illumination) more extended than a turbulent re-
gion affected by the wind (if any). This scenario has been
illustrated around HzRGs, where large velocity dispersion in
Lyα are found within the smaller scales perturbed by the jet
(FWHM> 1000 km s−1), but smaller velocities dispersions
on larger scales beyond the radio structures or in closer re-
gions not affected by the jet (FWHM∼ 300− 700 km s−1;
e.g., Villar-Mart´ın et al. 2003; Vernet et al. 2017).
If this is indeed the case, we would expect already in
our data to see intermediate nebulae with large velocity dis-
persions on few kiloparsecs, and smaller (quiescent) velocity
dispersions on larger scales. Given the current spatial resolu-
tion of our data, and the PSF subtraction algorithm used, we
cannot firmly assess this scenario below approx. 1−2 arcsec
from the quasar with the current data.
We note however that several authors argued for ubiqui-
tous extreme kinematics (> 1000 km s−1) around quasars on
tens of kpc scales (usually < 30 kpc) from low to very high
redshift (z ∼ 6), and basically along the whole electromag-
netic spectrum and thus gas phases (e.g., Greene et al. 2011;
Liu et al. 2014; Greene et al. 2014; Brusa et al. 2015; Perna
et al. 2015; Cicone et al. 2015; Rupke et al. 2017). Such scales
would corresponds to about 4 arcsec at z∼ 3. Nevertheless,
both our flux-weigthed dispersion maps (Figure 10) and the
maps presented in Borisova et al. (2016) (their Figure 7),
do not show at face value higher widths close to the central
24 A wind with a velocity of 0.01c would require ∼ 107 yr to reach
50 kpc.
MNRAS 000, 1–48 (2018)
40 F. Arrigoni Battaia et al.
−29.5−29.0−28.5−28.0−27.5−27.0
Mi(z = 2)
0.1
1
S
B
N
eb
u
la
L
y
α
[1
0−
17
er
g
s−
1
cm
−2
ar
cs
ec
−2
]
0.1
1
10
L
p
ea
k
L
y
α
;N
eb
[1
03
1
er
g
s−
1
H
z−
1
]
10 100 103
LpeakLyα;QSO [10
31 erg s−1 Hz−1]
Radio-loud
Radio-quiet
No Info
Figure 15. Lower left: plot of the average Lyα surface brightness (SBLyα ) of all the discovered nebulosities versus the absolute i-mag
normalized at z = 2 for the targeted quasars. Lower right: plot of the SBLyα versus the peak Lyα luminosity for the targeted quasars
(as derived from our MUSE data). Upper left: plot of the peak Lyα luminosity for the discovered nebulosities versus Mi(z = 2) for the
targeted quasars. Upper right: plot of the peak Lyα luminosity for the discovered nebulosities versus the peak Lyα luminosity for the
targeted quasars (as derived from our MUSE data). As done in Figure 11, we indicate in blue the radio-quiet systems, while in red the
radio-loud objects (larger sizes = larger FRadio). The crosses indicate the objects for which we do not have information on their radio
flux. The green circles are drawn for all the objects and their sizes indicates a product of the area of the nebulosities and of the distance
between the center of the nebulosities and the targeted quasars (see Figure 4). In the right panels, the solid and dashed black lines show
a linear fit to the data and the 1 rms distance from the fit, respectively (see Section 5.3 for details).
quasars. This result would even be exacerbated if the Lyα
line that we observe is broaden by scattering, as is expected.
The observed Lyα line width could then be even smaller if
measured through non-resonant tracers. As noted in Sec-
tion 4.3, the motions within the Lyα nebulae thus seems to
be consistent with gravitational motions.
This evidence thus encourage a new effort in character-
izing the small-scale gas phase around quasars, while linking
it to the larger scales (100 kpc) targeted in this study. The
new AO system GALACSI (Stuik et al. 2006) on MUSE will
be fundamental to addressing the aforementioned points,
while taking into account known issues dealing with small-
scale emission around bright quasars (e.g., PSF deblend-
ing; Husemann et al. 2016; Husemann & Harrison 2018).
Indeed, Husemann et al. (2016) showed that previously re-
ported spatially resolved [O iii] emission-line widths on kpc
scales around a sample of z∼ 0.5 quasars (Liu et al. 2014) are
significantly narrower than the one before PSF deblending.
6 SUMMARY AND CONCLUSIONS
To characterize the CGM of massive halos and to uncover
additional ELAN, we exploit the unprecedented capabili-
ties of the MUSE instrument on the ESO/VLT to build the
“fast” survey (45 minutes/source) QSO MUSEUM targeting
61 quasars at a median redshift of z = 3.17 (3.03< z< 3.46).
With quasars characterized by different radio-loudness (39
radio-quiet; 15 radio-loud; 6 with currently no radio infor-
mation) and spanning roughly three magnitudes −29.67 ≤
Mi(z = 2)≤−27.03, this survey expands previous works tar-
geting quasars at these cosmic epochs (e.g., Borisova et al.
2016). In this work we present the results of our survey for
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the Lyα emission only. We plan to present the results for
additional diagnostics in future works. By analyzing the dat-
acubes at the location of the Lyα transition, we thus find
that
(i) After PSF and continuum subtraction, each of the tar-
geted quasars show a Lyα nebulosity whose bulk emission
is on radii R < 50 kpc above our detection limits (SBLyα =
8.8×10−19 erg s−1 cm−2 arcsec−2; 2σ in 1 arcsec2 in a sin-
gle channel of 1.25), with an average surface brightness of
the order of SBLyα ∼ 0.4×10−17 erg s−1 cm−2 arcsec−2. The
average maximum projected distance covered by the Lyα
emission from each quasar is 80 kpc. This extended Lyα
emission is characterized by diverse morphologies. In partic-
ular, most of the discovered nebulae appear to be symmetric
(median asymmetry α = 0.71), while few exceptions show
more elongated morphologies.
(ii) Given the diverse morphologies, the discovered Lyα
nebulosities show very diverse radial profiles, which however
result in a stacked profile best described by an exponential
fit, SB(r) =Ceexp−r/rh with scale-length of rh = 15.7±0.5 kpc
(whole sample). This radial profile is consistent till R '
60 kpc with the profile shown in Borisova et al. (2016), at
larger radii our profile better indicates an exponential be-
havior. The radio-loud sample has a slight excess in SB at
20 kpc< R < 50 kpc, resulting in a tentatively larger scale-
length rh = 16.2± 0.3 kpc, with respect to the radio-quiet
sample rh = 15.5±0.5 kpc.
(iii) Down to our detection limits, the gas emitting Lyα
emission covers a fraction > 30% of the area around the
quasars for radii R< 50 kpc. At larger distances, the covering
fraction rapidly decrease (Figure 7).
(iv) The peak of the Lyα emission of the nebulosities ap-
pear to be closer in redshift to the peak of the Lyα emission
of the quasars zpeakQSOLyα than to the current systemic red-
shift of the quasars zsystemic. We find a median shift of the
Lyα emission of ∆v = 782 km s−1, and ∆ = 144 km s−1 from
zpeakQSOLyα and zsystemic, respectively. More precise systemic
redshift are needed to verify this occurrence.
(v) We discovered 27 LAEs with F > 1.1 ×
10−17 erg s−1 cm−2 (our ≥ 80% completeness level).
This low detection rate agrees with the currently known
luminosity functions for field LAEs (Cassata et al. 2011;
Drake et al. 2017), which would predict 24− 30 LAEs to
be found. We find fields with more than one detection
which appear to be clear outliers and probably reflecting
the presence of underlying overdensities, and/or effects
of powering mechanisms, e.g., chance alignment between
the position of the LAE and the ionization cones of the
quasars. In addition, only three fields show the presence
of active companions. We note that the quasar with the
larger number (2, of which 1 type-I) of active companions
detected (ID 13; Arrigoni Battaia et al. 2018) also presents
the more extended and brightests of the discovered Lyα
nebulosities (see point (ix)).
(vi) The velocity maps obtained from the first moment of
the flux distribution of the discovered Lyα nebulosities ap-
pear to be noisy and difficult to interpret as ordered motions
of any kind (rotation, infall, or outflow; see also Borisova
et al. (2016)), though each nebulosity show peculiar struc-
tures on velocities of the order of few hundreds km s−1 (Fig-
ure 9). Nebulae with larger extents than the average eas-
ily show coherent velocity structures (e.g., ID 13; Arrigoni
Battaia et al. 2018). The difference in complexity between
the maps of very extended nebulosities and smaller systems
could be due to the resonant nature of the Lyα line which
sample more turbulent regions on tens of kpc around the
quasar.
(vii) All the discovered Lyα nebulosities, irrespective of
the radio-loudness, are characterized by relatively quiescent
kinematics (〈σLyα 〉< 400 km s−1 (or FWHM< 940 km s−1).
These estimates are similar to the velocity widths observed
in absorption in the CGM surrounding z ∼ 2 quasars (∆v >
300 km s−1; Prochaska & Hennawi 2009; Lau et al. 2018).
The motions within all these Lyα nebulae have amplitudes
consistent with gravitational motions expected in dark mat-
ter halos hosting quasars (MDM ∼ 1012.5 M; White et al.
2012; Trainor & Steidel 2012a). This point is even strengthen
by the fact that part of the velocity dispersion could be
due to Lyα resonant scattering and instrument resolution
(FWHM≈ 2.83A˚or 170 km s−1 at 5000A˚).
(viii) The relatively quiescent Lyα nebulosities around all
the 15 radio-loud quasars in our sample run counter to the
two radio-loud system with σLyα > 425 km s−1 showed by
Borisova et al. (2016). This occurrence might be driven by
the higher luminosity of the Borisova’s quasars for equal
radio emission (see Section 4.3), and/or might reflect the
probabilities of propagating a coherent AGN winds on halo
scales (see Section 5.4). Note that this would be also valid
in the case of radio-quiet systems (Section 5.4).
(ix) Of all the discovered Lyα nebulosities, only ID 13 (or
PKS 1017+109) shows the extreme observed surface bright-
nesses and extent found in the case of z ∼ 2 ELAN (Can-
talupo et al. 2014; Hennawi et al. 2015). The ELAN around
PKS 1017+109 has been studied in detail in Arrigoni Bat-
taia et al. (2018). In this work we clearly show that ELAN
are indeed easily detected as extended sources even with
faster observations than here used (Figure 12).
(x) The current statistics of Lyα nebulae around radio-
quiet quasars at z∼ 2 (Arrigoni Battaia et al. 2016) suggests
a lower level of Lyα emission with respect to the nebulae
in the QSO MUSEUM sample and other surveys at z ∼ 3
(Borisova et al. 2016). Even though the current statistics at
z ∼ 2 still rely on a relatively small sample of NB data and
have thus to be confirmed with on-going campaigns using
IFU instruments, we here show that such a difference would
fit well with a decrease in cool halo mass in the CGM of sim-
ilarly massive halos from z ∼ 3 to z ∼ 2 (Dekel & Birnboim
2006). These changes in Lyα profiles can thus reflect a dif-
ferent balance between cool and hot gas phase at different
redshifts (see discussion in Section 5.2). Future statistical
surveys at different redshift are key in testing this hypothe-
sis.
(xi) There are hints suggesting that the discovered Lyα
nebulosities are powered by recombination and scattering of
Lyα photons in optically thin gas (Section 5.3). The presence
of fast outflows (vs > 1000 km s−1) on R∼ 50 kpc seems to be
disfavored fo the majority of the sample. However we cannot
exclude the presence of winds or jets on scales of few kpc.
As shown by the aforementioned list of results, the large
dataset of QSO MUSEUM allowed us to reveal the common
features characterizing the extended Lyα emission around
quasars, but also to find extreme and rare outliers, i.e., the
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brightest and more extended nebulosities or ELAN. Given
their high surface brightnesses, these objects are the ideal
laboratory for the study of the astrophysics in play on halo-
scales.
Overall, QSO MUSEUM unveils the complexity inher-
ent in the study of large-scale (hundreds of kpc) systems.
Each of the discovered Lyα nebulosities would indeed re-
quire a detailed individual study using multiwavelength and
deeper observations to firmly characterize them (e.g., geom-
etry, environment, powering mechanisms), and understand
the particular moment at which these systems are observed
(e.g., ongoing AGN outflow, merger(s), quasar lifetime).
Notwithstanding this complexity, our survey open the path
to a better comprehension on how massive systems form and
evolve along the cosmic history, and would be the benchmark
for future statistical and homogeneous investigations.
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Figure A1. Quasar PSF subtraction off the Lyα line. For the
first two quasars in our sample (SDSSJ 2319-1040, top; UM 24,
bottom) we show 30 A˚ NB images centered at the quasar posi-
tion (white crosshair), and at rest-frame 1260 A˚ for (i) the final
datacube (‘a’ and ‘e’), (ii) the final datacube after continuum and
PSF subtraction (‘b’ and ‘f’), (iii) the final datacube smoothed
with a boxcar kernel of 3 spaxel (‘c’ and ‘g’), and (iv) the the final
datacube after continuum and PSF subtraction smoothed with a
boxcar kernel of 3 spaxel (‘d’ and ‘h’). Each image is 30′′ × 30′′.
Clearly there are no significant residuals that could contaminate
our analysis.
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APPENDIX A: QUASAR PSF SUBTRACTION
AWAY FROM THE LYMAN-ALPHA LINE
In this appendix, we show how our procedure for the sub-
traction of the continuum and the PSF of the quasar works
in a wavelength range where no line emission is expected
at the quasar redshift. At such a location we thus expect
no residual emission at the levels probed by our observa-
tions. We proceed as follows. We focus on the portion of
the final datacube at rest-frame 1260 A˚, and we construct
NB images by collapsing the layers within 30 A˚. We then
construct NB images of the same wavelength range for the
continuum and PSF subtracted datacube. In Figure A1 we
show the results of this test for the first two quasars of our
sample (SDSSJ 2319-1040, top; UM 24, bottom). Panel ‘a’
and ‘e’ of Figure A1 present the central 30′′× 30′′of the final
datacube with the clear PSF of the quasar at the center of
the image. Panel ‘b’ and ‘f’ show the same FOV, but af-
ter the continuum and PSF subtraction. The other panels
show the same images but smoothed with a boxcar kernel
of 3 spaxels. From these images, it is clear that there is
no significant systematic underestimation of the PSF of the
quasar, which could lead to residuals. We are thus confident
that the extended Lyα emission detected around our sample
is real.
APPENDIX B: COMPARISON BETWEEN
RADIO EMISSION AND LYα EMISSION
In this appendix we focus on the radio-loud objects in our
sample, and compare the extended Lyα emission detected
in this work with the radio emission. Of the 15 radio-loud
quasars, only 10 have radio data taken with a spatial reso-
lution good enough to be compared with our observations.
Indeed, five sources have been detected in the NVSS (Con-
don et al. 1998) which is characterized by a resolution of 45′′,
while 10 in the FIRST survey (Becker et al. 1994) at a res-
olution of 5′′. The resolution of FIRST thus approaches the
resolution of our observations, allowing us to qualitatively
compare the two types of emission. Further, quasar with ID
17 has a FIRST detection at close separation. Here, we will
investigate the nature of such source to understand if it is
physical associated to the quasar.
In Figure B1 we show the comparison between the op-
timally extracted images of these 11 Lyα nebulae and the
S/N=3, 10, 100 isophotes for the 1.4 GHz emission detected
with FIRST (blue). Overall, the extended Lyα emission
matches well the location and extent of the radio emission,
with the bulk of the Lyα emission concentrated within the
radio region. Exceptions to this are ID 56 and ID 17. ID 56
shows an elongated morphology towards the North in the
FIRST data, suggesting the likely presence of a radio-jet.
The Lyα emission however presents a different orientation,
possibly reflecting the position of a close LAE or substruc-
ture (see Figure 5) rather than following the radio emission.
ID 17 instead shows radio emission displaced by ≈ 13.5′′ (or
100 kpc) from the quasar position. We have checked the
MUSE datacube at that location and found a morphologi-
cally disturbed continuum source (see Figure 5) with a red
continuum slope, and only a strong line emission at about
7450A˚(see Figure B2). Given the presence of only one line
emission and no clear absorption at the current depth, we are
not able to firmly classify this object. However, it is likely
that such object is not at the same redshift of the quasar
with ID 17. The radio emission is thus not physically associ-
ated to this system. We thus include ID 17 in our radio-quiet
sample.
All the firmly selected radio-loud objects thus show a
similarity between the radio contours and the Lyα emis-
sion at the current resolutions. Future works are needed
to investigate the relation between the Lyα emission, the
synchrotron radiation usually invoked to explain the radio
data, and other mechanisms responsible for hard photons
over large scales around radio sources (e.g. extended X-rays
from inverse Compton; Erlund et al. 2006). Future efforts
will have to take into account the similarities in velocity
dispersion and velocity shifts for the extended Lyα emission
between the radio-loud and radio-quiet samples (Sections 4.3
and 5.4).
APPENDIX C: ADDITIONAL NOTES ON
SOME INDIVIDUAL FIELDS
In this appendix we report (i) the information on the LAEs
discovered, (ii) the spectra and coordinates for the compan-
ion AGN, for the line emitters discovered during our search
for LAEs, and for the foreground or background quasars dis-
covered. In addition, we discuss the field of Q1205-30 (or ID
MNRAS 000, 1–48 (2018)
QSO MUSEUM 45
Figure B1. Comparison between the detections within the FIRST survey (Becker et al. 1994) and the discovered Lyα nebulae in our
sample. We show the 50′′× 50′′ (or approx. 380 kpc × 380 kpc) “optimally extracted” NB maps for the targets detected in the FIRST
survey with overlayed the contours for S/N= 3,10,100 for the radio emission. Down to the current spatial resolutions and sensitivity
limits, the Lyα emission and the radio emission are well matched for objects whose radio emission is centered at the quasar location.
North is up, east is to the left.
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Figure B2. Spectrum of the counterpart to the radio emission
at 13.5′′ (or 100 kpc) from the quasar with ID 17. The spectrum
has been extracted from a circular region with a 2′′ radius at
the peak of the radio emission. The red dashed line indicates the
error spectrum within the same aperture. At this location some
sky lines are still visible as residuals. The source is characterized
by a continuum with a red upturn, and an emission line at about
7450A˚(blue dashed). Some absorption lines are tentative at the
current depth (see e.g. at about 5200A˚ and 5340A˚).
58) that had been previously observed (Fynbo et al. 2000;
Weidinger et al. 2004, 2005), and that thus provide a great
sanity check of our analysis.
C1 The LAEs sample
In Table C1 we list the coordinates, and several properties
for the discovered LAEs in the 61 fields (see Section 4.2 for
the details on the LAEs selection). Note that we don’t list
here the LAEs around the quasar with ID 13 as those are
already listed in Arrigoni Battaia et al. (2018).
C2 The continuum detected sources and the
low-redshift line-emitters contaminants
In Table C2 we list the coordinates of the continuum de-
tected sources (companions or background and foreground
quasars), and of the low-z line emitters that were found in
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Figure C1. One dimensional spectrum of the companion AGN of
ID 14 (or SDSSJ2100-0641), together with the two spectra of two
lower redshift [O ii] emitters discovered during our LAEs search.
The spectra are obtained from circular apertures with 1.5′′ radius
at the coordinates indicated in Table C2. As the companion AGN
is quite faint, we plot the noise spectrum within the same aperture
(red). C iv and He ii emission are present at a very faint level. The
location of important line emissions is indicated by blue vertical
dashed lines.
our search for LAEs. The companions of ID 13 are not listed
here, but they could be found in Arrigoni Battaia et al.
(2018). We show the spectra of these sources in Figures C1,
C2, C3, C4 , C5, C6, C7, C8, and C9.
C3 The field of the quasar Q1205-30 (or ID 58)
The extended Lyα emission around the quasar Q1205-30 (or
ID 58) has been discovered and analised in detail by Fynbo
et al. (2000); Weidinger et al. (2004, 2005). These works re-
lied on NB imaging and spectroscopic observations with two
position angles down to surface brightness limits of about
4.4× 10−18 erg s−1 cm−2 arcsec−2 (2σ ; Fynbo et al. 2000),
MNRAS 000, 1–48 (2018)
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Table C1. Information on the Lyα emission for the LAEs discovered around the targeted quasars.
Object QSO-field RA Dec d Line Center Redshift FLyα fλ EWrest σv ∆vNeb ∆vQSO
ID (name) (J2000) (J2000) (′′) (A˚) (10−17 cgs) (10−20 cgs) (A˚) (km s−1) (km s−1) (km s−1)
LAE1 7 (SDSSJ1209+1138) 12:09:17.742 11:38:44.56 13.7 5004.91±0.03 3.117±0.001 1.88±0.02 5.6±12.8 >81 137±3 -654±73 0±421
LAE2 7 (SDSSJ1209+1138) 12:09:17.298 11:38:48.77 20.2 5004.91±0.03 3.117±0.001 2.76±0.03 1.6±18.2 >420 172±2 -654±73 -5±421
LAE3 7 (SDSSJ1209+1138) 12:09:17.623 11:38:54.89 24.2 5023.15±0.03 3.132±0.001 3.02±0.03 3.9±14.2 >183 176±2 436±73 1092±421
LAE4 7 (SDSSJ1209+1138) 12:09:16.759 11:38:47.85 24.6 5029.23±0.03 3.137±0.001 3.13±0.03 -9.8±10.2 >74 152±2 799±73 1456±421
LAE5 7 (SDSSJ1209+1138) 12:09:19.090 11:38:17.78 21.0 5012.21±0.03 3.123±0.001 2.53±0.03 -8.6±11.4 >54 184±3 -218±73 437±421
LAE1 8 (UM683) 03:36:28.701 -20:19:24.97 27.0 5023.15±0.03 3.132±0.001 1.10±0.02 -7.9±4.8 >56 112±3 0±73 0±421
LAE2 8 (UM683) 03:36:27.484 -20:19:32.29 9.2 5023.15±0.03 3.132±0.001 1.35±0.02 -4.4±5.1 >64 128±2 0±73 0±421
LAE1 11 (Q-N1097.1) 02:46:35.498 -30:04:35.22 26.9 4981.82±0.03 3.098±0.001 2.92±0.03 -3.8±10.9 >65 157±2 -73±73 1470±421
LAE1 20 (SDSSJ1429-0145) 14:29:02.011 -01:45:14.14 16.6 5386.63±0.04 3.431±0.001 3.12±0.03 -5.0±8.3 >84 259±3 407±68 2456±420
LAE1 21 (CT-669) 20:34:25.781 -35:37:36.46 11.6 5134.99±0.03 3.224±0.001 2.26±0.04 -4.6±10.8 >50 314±6 426±71 355±421
LAE1 26 (Q-2204-408) 22:07:33.216 -40:37:00.16 12.8 5077.85±0.03 3.177±0.001 31.40±0.07 -119±150 >50 98±4 -143±72 -287±421
LAE1 35 (CTS-C22.31) 02:04:37.863 -45:59:16.16 25.7 5162.95±0.03 3.247±0.001 3.66±0.03 -1.8±8.2 >106 221±2 71±71 0±421
LAE1 39 (SDSSJ0100+2105) 01:00:27.486 21:05:24.91 18.5 4964.80±0.03 3.084±0.001 6.37±0.03 -20.6±11.1 >141 116±1 -951±73 -1170±421
LAE1 42 (SDSSJ0219-0215) 02:19:39.060 -02:15:59.59 18.5 4907.66±0.03 3.037±0.001 3.63±0.03 6.6±17.8 >136 202±2 74±74 -371±422
LAE1 46 (Q2355+0108) 23:58:08.881 01:25:12.86 5.3 5346.52±0.04 3.398±0.001 3.19±0.02 -1.9±11.0 >66 129±1 205±68 889±421
LAE2 46 (Q2355+0108) 23:58:08.913 01:25:08.05 5.1 5357.46±0.04 3.407±0.001 2.73±0.03 4.1±18.6 >151 197±3 819±68 1504±421
LAE1 47 (6dFJ0032-0414) 00:32:05.856 -04:14:15.02 8.5 5048.68±0.03 3.153±0.001 2.92±0.03 -1.0±14.4 >49 167±2 -648±72 -216±421
LAE1 56 (TEX1033+137) 10:36:26.554 13:26:56.87 6.7 4978.17±0.03 3.095±0.001 8.33±0.03 -12.7±13.6 >149 280±1 -146±73 440±421
LAE2 56 (TEX1033+137) 10:36:27.405 13:26:42.61 12.7 4976.95±0.03 3.094±0.001 3.70±0.03 -6.7± 30.3 >30 200±2 -220±73 367±421
LAE3 56 (TEX1033+137) 10:36:27.219 13:26:49.75 5.4 4980.60±0.03 3.097±0.001 4.14±0.03 -0.8±27.7 >36 240±2 0±73 587±421
We list the coordinates and the distance d (arcsec) from the quasar for each LAE discovered. For the Lyα emission-line in the spectrum
of each LAE, we report the line center, the redshift, the line flux (in unit of 10−17 erg s−1 cm−2), the underlying continuum flux fλ (in
unit of 10−20 erg s−1 cm−2 A˚−1), the rest-frame equivalent width, and the line width as σv of a Gaussian fit to the line. In addition,
∆vNeb and ∆vQSO are the velocity shift from the peak of the Lyα emission of the nebula and the systemic of the quasar targeted,
respectively. The uncertainty on the latter is dominated by the uncertainty on the systemic redshift of the quasar.
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Figure C2. One dimensional spectrum of a lower redshift [O ii]
emitter discovered during our LAEs search around ID 15 (or
SDSSJ1550+0537). The spectrum is obtained from a circular
aperture with 1.5′′ radius at the coordinates indicated in Ta-
ble C2. The location of important line emissions is indicated by
blue vertical dashed lines.
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Figure C3. One dimensional spectrum of a lower redshift Hδ
emitter discovered during our LAEs search around ID 26 (or Q-
2204-408). The spectrum is obtained from a circular aperture with
1.5′′ radius at the coordinates indicated in Table C2. The location
of important line emissions is indicated by blue vertical dashed
lines.
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Figure C4. One dimensional spectrum of a higher redshift QSO
(z= 3.407±0.006) discovered around ID 31 (or UM670). The spec-
trum is obtained from a circular aperture with 1.5′′ radius at the
coordinates indicated in Table C2. The location of important line
emissions is indicated by blue vertical dashed lines. The noise
spectrum within the same aperture is shown in red.
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Figure C5. One dimensional spectrum of a lower redshift QSO
(z = 1.497±0.003) discovered around ID 32 (or Q-0058-292). The
spectrum is obtained from a circular aperture with 1.5′′ radius at
the coordinates indicated in Table C2. The location of important
line emissions is indicated by blue vertical dashed lines. The noise
spectrum within the same aperture is shown in red.
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Table C2. Coordinates of the continuum detected sources re-
ported in Section 4.2 and shown in Figure 5.
Object QSO-field RA Dec
ID (name) (J2000) (J2000)
Comp1 14 (SDSSJ2100-0641) 21:00:25.459 -06:42:05.97
low-z1 14 (SDSSJ2100-0641) 21:00:24.327 -06:41:20.15
low-z2 14 (SDSSJ2100-0641) 21:00:26.160 -06:41:18.82
low-z1 15 (SDSSJ1550+0537) 15:50:36.950 05:37:54.38
low-z1 26 (Q-2204-408) 22:07:34.069 -40:36:33.66
QSOhigh-z 31 (UM670) 01:17:22.359 -08:41:43.43
QSOlow-z 32 (Q-0058-292) 01:01:05.618 -28:57:41.14
low-z1 46 (Q2355+0108) 23:58:10.253 01:24:53.61
QSOhigh-z 48 (UM679) 02:51:46.350 -18:14:25.10
Comp1 53 (SDSSJ0905+0410) 09:05:48.546 04:09:54.17
low-z1 61 (LBQS1209+1524) 12:12:33.919 15:07:16.45
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Figure C6. One dimensional spectrum of a lower redshift Hγ
emitter discovered during our LAEs search around ID 46 (or
Q2355+0108). The spectrum is obtained from a circular aperture
with 1.5′′ radius at the coordinates indicated in Table C2. The
location of important line emissions is indicated by blue vertical
dashed lines.
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Figure C7. One dimensional spectrum of a higher redshift QSO
(z = 3.67±0.01) discovered around ID 48 (or UM679). The spec-
trum is obtained from a circular aperture with 1.5′′ radius at the
coordinates indicated in Table C2. The location of important line
emissions is indicated by blue vertical dashed lines. The noise
spectrum within the same aperture is shown in red. Note that
strong sky lines are present at the location of the C iv and C iii]
lines, making their characterisation more uncertain.
and 6× 10−18 erg s−1 cm−2 arcsec−2 (2σ ; at the Lyα line
location, see e.g. Figure 4 in Weidinger et al. 2005), respec-
tively for the NB and spectroscopic data. The Lyα emission
has been reported to extend out to about 30 kpc from the
quasar using the spectroscopic data (Weidinger et al. 2004),
and has been interpreted as emitted by highly ionized hy-
drogen falling into the quasar dark-matter halo. We can now
compare our MUSE observations of the same system and as-
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Figure C8. One dimensional spectrum of the very faint com-
panion AGN of ID 53 (or SDSSJ0905+0410). The spectrum is
obtained from a circular aperture with 1.5′′ radius at the coordi-
nates indicated in Table C2. We plot the noise spectrum within
the same aperture (red). The location of important line emissions
is indicated by blue vertical dashed lines. There are tentative evi-
dences for C iv and He ii emissions at a very faint level, while Lyα
appear to be broad.
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Figure C9. One dimensional spectrum of a lower redshift [O ii]
emitter discovered during our LAEs search around ID 61 (or
LBQS1209+1524). The spectrum is obtained from a circular aper-
ture with 1.5′′ radius at the coordinates indicated in Table C2.
The location of important line emissions is indicated by blue ver-
tical dashed lines.
sess if we recover the same values. This comparison can be
regarded as a sanity check for our overall analysis technique.
First, we look at the quasar systemic redshift zsys as-
sumed in those works. Weidinger et al. (2005) reported
zsys = 3.041±0.001 based on blueshift-adjusted wavelengths
of the five lines Nv, Si ii / O i, Si iv / O iv], C iv, and C iii]
(also used in Tytler & Fan 1992). In particular, they quoted
in their Table 3 a redshift from C iv of 3.038± 0.003. Both
systemic redshifts well agree with zsys assumed in our work
and calculated from the C iv line following Shen et al. (2016),
zsys = 3.037±0.007.
In addition, our observations are deeper than their spec-
troscopic data and NB imaging if individual layers are con-
sidered. Nevertheless, the MUSE observations reach similar
depths to their NB if we use a 30A˚ range (2σ SB limit of
4.3×10−18 erg s−1 cm−2 arcsec−2; Table 2). Accordingly, at
our depths the Lyα emission extend out to a larger maxi-
mum projected distance from the quasar: 68 kpc (Table 3).
However, the profiles in the inner portion (< 30 kpc) cov-
ered by both works well agree, with the profile approach-
ing SBLyα ≈ 10−17 erg s−1 cm−2 arcsec−2 at about 30 kpc
(compare our Figure 5 with Figure 4in Weidinger et al.
2005). Also, we find agreement on the redshift calculated
from the peak of the Lyα extended emission in close prox-
imity of the quasar. Weidinger et al. (2005) quoted a red-
shift of 3.049, which is very similar to our zpeakLyα = 3.047
(Table 1). Finally, Fynbo et al. (2000) used their NB imag-
ing data (centered at z = 3.036) to search for LAEs in a
315′′× 315′′ field-of-view. Down to basically our same limit
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(F = 1.1× 10−17 erg s−1 cm−2, 5σ), they did not discover
any LAE within the MUSE field-of-view in agreement with
our observations. They however discover candidate LAEs at
larger projected distances (see e.g. their Figure 1).
Summarizing, our MUSE observations cover in greater
details the morphology and kinematics of the system of
Q1205-30 (or ID 58) with respect to previous studies.
Notwithstanding the slightly different depths, we find very
good agreement between the works in the literature and our
overall analysis. This test thus confirm the reliability of our
analysis tools.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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